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ABSTRACT
About 105 bodies larger than 100km in diameter (Jewitt 1998) reside in the Kuiper Belt,
beyond the orbit of Neptune. Since 1992 observational surveys have discovered over one
thousand of these objects, believed to be fossil remnants of events that occurred nearly 4.5
billion years ago. Sixteen of these objects are currently known to be binaries, and many more are
expected to be discovered.
As part of the Deep Ecliptic Survey (DES) I have helped catalog nearly one third of the
known Kuiper Belt object (KBO) population, and used that database for further physical studies.
Recovery observations for dynamical studies of newly discovered objects with the Magellan
telescopes and a high resolution imager, MagiC, revealed three binaries, 88611 (2001QT297),
2003QY90, and 2005EO304. One binary was found in the discovery observations, 2003UN284.
Lightcurve measurements of these, and other non-binary KBOs, were obtained to look for
unique rotational characteristics. Eleven of thirty-three objects, excluding the binaries, were
found to have measurable variability. One of these objects, 2002GW32 has a particularly large
amplitude (> 1 magnitude) of variability, and 2002GP32 has a relatively short (3.3 hours,
single-peaked) lightcurve. Among the binary population all the observed objects showed some
level of variation. The secondary of 88611 was fit with a single-peaked period of 5.50*0.02
hours while the primary component appears to be non-variable above the measurement errors
(0.05 magnitudes). Neither component appears to be color variable. The components of
2003QY90 are both highly variable yielding single-peaked rotation periods of 3.4±1.1 and
7.1±2.9 hours with amplitudes of 0.34±0.12 and 0.900.36 magnitudes, respectively. The
rotation periods are comparable to those of other non-binary KBOs although distinct from that of
an identified contact binary.
Orbits and partial orbits for Kuiper belt binaries (KBBs) show a wide range of
eccentricities, and an increasing number of binaries with decreasing binary semi-major axis.
These characteristics exclude the formation models proposed by Funato et al. (2003) and
Weidenschilling (2002), respectively. Conversely, the formation models of Astakhov et al.
(2005) and Goldreich et al. (2002) appear to describe the observations, at least in part.
Thesis Supervisor: James L. Elliot
Title: Professor of Planetary Astronomy and Professor of Physics
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CHAPTER 1: INTRODUCTION
Kuiper belt objects (KBOs) are small icy bodies that reside at the far reaches of our
observable Solar System. They likely bear scars, both physical and dynamical, of their journey
within this region. These bodies are thought to represent the most primitive material in the Solar
System, and even before technology allowed them to be directly observed, indirect evidence
prompted hypotheses for their existence (Edgeworth 1943; Edgeworth 1949; Kuiper 1951). They
are observationally challenging objects due to their small sizes ('100 km in diameter), dark
surfaces (albedos of 0.04-0.2), and distant locations (>30 AU). In 1992 the first KBO was
imaged with a CCD camera (Jewitt and Luu 1993). Since then more than one thousand objects
(of 105 bodies larger than 100km in diameter, Jewitt 1998) have been observationally
catalogued, and some individual objects have been studied in great detail.
Our current view of the Kuiper belt region is found in Figure 1. The orbits of the gas
giants are plotted for reference, and the star in the center is the Sun. The red, white and pink
circles are KBOs, and the orange triangles are Centaurs. The empty region near the bottom of the
figure is due to the galactic plane, a region that is avoided by KBO surveys because of high star
densities that make it difficult to detect faint objects. As the KBOs move around the Sun this
region will get filled in as objects that are currently in this region move into detectable positions.
17
Figure I. Current view of the Kuiper belt (28 September 2005).
The orbits of the gas giants, Jupiter, Saturn, Uranus, and Neptune are plotted for reference in light
blue, and the Sun is the star at the center. Solid symbols represent objects that have well
determined orbits, open symbols represent objects that have been observed but may have large
positional uncertainties for current observations. All the dynamical groupings here are defined by
the Minor Planet Center (MPC). Red, white, and pink circles represent classical, resonant, and
scattered objects, respectively. Orange triangles represent Centaurs, and all the variations of blue
represent comets and Jupiter Trojan asteroids. Pluto is identified by a white circle with a cross,
and the other planets are similarly represented but in blue. Reprinted with permission of the MPC
(Williams 2005).
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Dynamical studies of KBOs reveal populations of objects in a variety of resonant and
non-resonant orbits. Resonant orbits are ones with integer relationships to the orbit of Neptune,
for example the 3:2 resonance of Pluto where Neptune orbits the Sun 3 times for each 2 times
Pluto orbits. One or more of the resonant arguments undergo bound oscillations with time. Non-
resonant orbits are those that are not controlled by Neptune; their resonant arguments circulate
(range between 0 and 27u). They include orbits whose osculating perihelia are less than the
osculating semi-major axis of Neptune, and those with Tisserand parameters' around 3 with a
wide range of eccentricities. Studies of the colors of these objects find them to span from neutral
(solar-like) to very red. Spectroscopic observations reveal evidence for ices including water,
nitrogen and methane (Barucci et al. 2005; Trujillo et al. 2005). These objects have a wide range
of rotation rates, and some are in binary systems. Numerous studies have been undertaken to try
to link one or more dynamical and physical feature(s) of these objects. Such a connection would
help theorists improve their explanations and models of KBO origins, and often theories can be
directly tested by new observations.
This particular project was birthed through the revelation of a KBO's duplicity (2001
QT297 now numbered 88611) in routine recovery and follow-up 2 observations of newly
discovered KBOs as part of the Deep Ecliptic Survey (DES, Millis et al. 2002; Elliot et al. 2005)
project of which the author of this thesis is a member. The discovery was made at the Magellan
6.5-m telescopes with a high resolution imager built at MIT, the Raymond and Beverly Sackler
Magellan Instant Camera (MagIC, Osip et al. 2004). During the course of this thesis three Kuiper
' The Tisserand parameter is used to describe the interaction of an object when it crosses the
orbit of a planet (Murray, C. D., and S. F. Dermott 1999. Solar System Dynamics. Cambridge
University Press, Cambridge.). It provides a measure of the relative speed of such an interaction,
and is approximately conserved during the encounter. Each planet has a different Tisserand
parameter, and the relevant one for KBOs in this context is Neptune, or a Tisserand parameter of
3.
: KBOs are "discovered" - the first pair of observations, then "recovered" - the second pair of
observations that allow the object to receive a provisional designation from the Minor Planet
Center (MPC) arid finally, they are "followed-up" - any additional observations after the first
four that are used to secure the orbit of the KBO and dynamically classify it (as discussed later in
Chapter 2).
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belt binaries (KBBs), 88611, 2003QY90, and 2005EO304 were discovered in these routine
recovery observations at Magellan in addition to one binary, 2003UN284, being found in its DES
discovery image.
Lightcurve observations for KBOs in the DES sample were already underway when the
first binary discovery was made. It quickly became clear that the scope of the lightcurve project
needed to be limited to optimize the science returns with a finite amount of telescope time.
Resolved images of the binary components suggested that in addition to vital positional
information for the binary components, under excellent seeing conditions it might also be
possible to discern individual lightcurves for the primary and secondary components of such
objects. I also considered the possibility of identifying contact binaries through lightcurve
observations.
KBOs have visual magnitudes as bright as 17.5 but are typically fainter, -22 magnitudes.
They move slowly, 2-5 arcsec/hour, and lie primarily along the ecliptic. Depending on the length
of an object's orbital arc, observations at some frequency interval may be necessary to avoid the
object from becoming lost. Since I expected to observe primarily with Magellan, I decided to
limit my sample to KBOs discovered by the DES with declinations less than +10 degrees except
for a few special cases, known binaries, and a few Centaurs of interest. This sample was further
limited to objects with magnitudes brighter than 23.0 magnitude based on the practical limit of
requiring S/N of 30 (+0.036 magnitudes uncertainty) on the photometry of an individual
measurement combined with the KBO motion 2-6 pixels (0.1-0.4") in a 300 second integration.
That a binary was also found in the DES discovery data suggested that it might be
worthwhile to characterize that dataset with respect to seeing and magnitude limits to discern the
frequency of widely separated (>1.0 arcsec) binaries. The DES is a pedigreed survey, and our
observational techniques are consistent over five years. This observation regime is different from
what has been quantified by others who have looked for close companions (<0.1 arcseconds)
with HST (Noll 2003). In addition, since we use Magellan in a consistent way for recovery and
follow-up work with the same sample of objects, but under different conditions, I added my
20
binary discoveries from these observations which sample the middle regime (0.3-1.0
arcseconds) to plot the frequency of binaries versus semi-major axis, and compare with proposed
models for KBB formation.
In the following text, I present a brief historical synopsis of research about the Kuiper
belt in Chapter 2 with emphasis on binary formation models in Chapter 3. A discussion of my
datasets and analysis techniques follows in Chapters 4-5. Analysis of survey data on non-binary
lightcurves and targeted lightcurve observations of binaries are presented in Chapters 6-7, and
the orbits (or partial orbits) of four KBBs are found in Chapter 8. In Chapter 9, I present a binary
frequency derived from the DES and Magellan data added to published HST results, and in
Chapter 10, I summarize my results. For reference, I also include a glossary of symbols in
Appendix A.
21
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CHAPTER 2: AN OVERVIEW OF KUIPER BELT RESEARCH
EARLY DESCRIPTIONS OF THE KUIPER BELT
Edgeworth (1949) argued that, during Solar System formation, material outside the orbit
of Neptune would be highly attenuated, and would form small and numerous bodies of "leftover"
material. Objects in the region of Juipter's orbit would experience substantial perturbations that
would cause them to move inward towards the Sun. The residue from this occurrence would then
form small bodies rather than a large planet - the asteroid belt. Kuiper (1951), apparently
independent of Edgeworth, came to a similar conclusion, but based his ideas on a study of the
observed properties of comets. Unlike the asteroids, comets were found to have emission
products closely matching a composition that would follow from condensation outside the orbit
of Neptune. He proposed a reservoir of material outside of Neptune's orbit as a source region for
the comets, and argued that the existence of Pluto was the mechanism for perturbing material
outward to the Oort cloud region where it then sat until getting perturbed again inward. Models
show that Pluto cannot have this large an effect (Yu and Tremaine 1999); however, this corrected
Oort's misconception that comets came from the asteroid belt (Weissman 1995).
After a number of years, Whipple (1972), discussing again the origin of comets, argued
that as the Solar System evolved, comets were formed in, and beyond, the region of Uranus and
Neptune creating a similar belt to the asteroids in this region of space. He believed that if such a
belt existed it would be at a distance of 50 AU near the invariable plane, and would be composed
of no more than one Earth mass of material. Theoretical work began in 1980, mobilized by a
desire to understand the source of short-period comets. Fernandez et al. (1980) used a Monte
Carlo method to study the influence of close encounters between belt comets in relation to the
diffusion of their orbits. His results supported the existence of material in the KBO region as the
source for the influx of needed material for short period (SP) comets. Duncan, Quinn and
Tremaine (1988) continued this simulation demonstrating that the SP comets could not arise
from gravitational scattering of a spherical population as they are in mostly prograde, low-
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inclination orbits. They likewise concluded that the SP comets arise from a complementary
cometary belt in the outer Solar System. Holman and Wisdom (1993) demonstrated by numerical
integration that small bodies with low inclination, low eccentricity orbits could be perturbed into
Neptune crossing orbits. This orbit evolution would increase the eccentricity irregularly while
not having a large effect on the semi-major axis. The results of these models show a bimodal
source region for comets. Long period comets, which have random inclinations and very
eccentric orbits, arrive via the Oort cloud, an unobserved source to this day. SP comets, which
exhibit very different orbital parameters, come from the Kuiper belt that we observe today as an
approximately planar belt of material beyond Neptune.
SURVEYS FOR KUIPER BELT OBJECTS
Jewitt and Luu observed the first KBO in 1992 after a dedicated four-year search with a
2k x 2k CCD on the Hawaii 2.2-m and other telescopes (Jewitt and Luu 1993). Since this time
different approaches have been taken for survey work. One approach seeks to find relatively
bright objects (m>24.0 mag, Jewitt 1998; Trujillo 2000; Millis et al. 2002; Elliot et al. 2005)
over a medium spatial region. A second approach looks for faint objects (m>27.9 mag) in a
handful of directed locations, called pencil-beam surveys (Brown 1998; Gladman et al. 1998;
Chiang and Brown 1999; Allen et al. 2001; Bernstein et al. 2004). The third approach looks for
bright KBOs only (m>21.5) over large regions of sky (Brown et al. 2005b).
A consistent and rigorous definition for different dynamical populations among KBOs is
still under discussion by the KBO community. I provide the definitions the DES employs for
consistency of interpretation within this paper. However, many of the populations described
within this first chapter refer to the work of others where slightly different definitions exist for
each classification. For a more extensive discussion of our classification methods, and the
differences between our classification system and others, please see §3 of Elliot et al. (2005).
The classifications themselves are tested in the order in which they are discussed.
"Resonant" KBOs are objects for which one or more resonant argument undergoes bounded
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oscillations with time, with respect to Neptune. Currently we find objects in the 1:1, 5:4, 4:3, 3:2,
5:3, 7:4, 9:5, 2:1, 7:3, and 5:2 resonances. "Centaurs" are non-resonant objects, often considered
recent escapees of the Kuiper belt. If at any time during the integration the osculating perihelia of
a KBO is less than the osculating semi-major axis of Neptune, it receives this classification. This
population is small in comparison with the KBO population. Because Centaurs are closer to us,
they are respectively brighter and easier to study than the more distant KBOs. "Scattered"
objects, both near and extended, are objects are not resonant. Near objects are non-planet
crossing, and characterized by having time-averaged Tisserand parameters less than 3. Extended
objects have Tisserand parameters greater than 3, and time-averaged eccentricities greater than
0.2. Lastly, we define "Classical" KBOs to have mean Tisserand parameters greater than 3, and
eccentricities (averaged over the time of their integration) less than 0.2. They are believed not to
have had substantial dynamical influence from Neptune during their lifetimes. The dividing line
between the Classical and Scattered extended populations at e=0.2 is currently arbitrary. Perhaps
physical studies of these objects will shed light on our understanding of the differences between
these two populations.
The classification for each KBO is determined by integrating its orbit determined using
the Bernstein and Khushalani formalism (2000) if it is a relatively new discovery, or the Bowell
and Koehn formalism (2004) if the object has been numberedl forward 10 million years under
the gravitational influences of the Sun and the four gas giants. For each object we consider three
possible orbits: the nominal position given from the orbit fit, and two other orbits that lie on the
3o confidence surface in a six-dimensional phase space with semi-major axes maximally and
minimally extended from the nominal best fit semi-major axis. We explore the escursion in semi-
major axis because it is the parameter that has the greatest influence on resonance membership.
If all three orbit integrations yield the same result, then the object is considered classified. We
apply this classification scheme to all KBOs catalogued by the MPC, not just DES discoveries.
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CURRENT THEORETICAL MODELS OF THE KUIPER BELT
Current models of our Solar System suggest that the objects in the Kuiper belt, in both
the dynamically cold classical belt and excited population, formed closer to the Sun, and were
pushed outward by migration of the planets (Levison and Morbidelli 2003, ). In a recent paper,
Goldreich et al. (2004) describe a scenario in which large and small bodies interact in three main
arenas. Formation begins with run away accretion where small bodies grow through collisions.
The large bodies continue to grow until the dynamical friction of the small bodies can no longer
balance viscous stirring and finally, the orbits of the large bodies begin to cross, and the current
state of the Solar System is reached. During the last timestep, the objects that make up our
Kuiper belt were either (1) scattered to the inner Solar System where they interacted with Jupiter
and the terrestrial planets, (2) pushed outward along the plane of the Solar System as the giant
planets migrated, (3) caught up into resonances with Neptune, or (4) ejected from the system
entirely. Goldreich et al. find that the growth of these objects was complete by the clean-up stage
of Solar System formation, and that impacts among protoplanets of comparable sizes were still
common in the inner, but not the outer, Solar System. Within their model, Jupiter, and to some
extent Saturn, were the only bodies that could populate the Oort cloud with kilometer-sized
bodies until the very end clean-up.
With respect to the formation of the Kuiper belt specifically, Morbidelli et al. (2003)
suggest that a combination of mechanisms created the dynamical structure we observe today.
Observations reveal that at least three different dynamical populations exist within the belt.
There appears to be a depletion of mass within this region when compared with the projected
surface density of the solar nebula, and there is a large diversity in the inclinations and
eccentricities of individual objects. There are also color differences between objects and within
object populations, and an apparent edge to the Kuiper belt near -50AU. An understanding and
model for the creation of the belt with these observed aspects is ongoing. No model currently
explains all the observations.
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Theorists are in agreement that Neptune migrated outward, and interacted with small
planetesimals as it moved. Malhotra (1995) describes the high inclination 3:2 objects as
originating from the cold belt while Gomes (2003a) suggests that these objects were captured
during their migration from the scattered disk population. In either case the migration of Neptune
must have been smooth, or else capture into Neptune's resonances for these objects could not
have happened (Hahn and Malhotra 1999). Gomes' model also explains the origin of a bi-modal
population of low and high inclination objects. The current belt is a superposition of objects that
formed outside 30AU (dynamically cold objects, with low inclinations and small eccentricities),
and objects that were scattered by sweeping mechanisms that allowed them time to acquire
sufficiently high inclinations. Large objects were more likely to form closer to the Sun, providing
an explanation for why many of the larger KBOs have higher inclinations.
A number of theories suggest that the Kuiper belt had more mass in the past than is
currently observed. Gomes' model removes mass from the inner region as Neptune migrates, but
does not remove mass from outside. Levison et al. (2004) propose that the disk of the Solar
nebula was truncated early in its history between 30-35 AU, but this method relies upon a
slightly choppy Neptune migration, and the eventual release of some of the bodies from the 2:1
resonance into stable, non-resonant orbits. Models for binary formation in the belt also suggest a
massive and dynamically cold early disk (Astakhov et al. 2005).
It has also become clear from observations that beyond 50 AU there is a total lack of
discovery of objects with low eccentricities and inclinations (Allen et al. 2001; Trujillo et al.
2001), this is often referred to as the "edge" of the classical Kuiper belt. Scenarios to explain the
existence this edge have been proposed, but none have been found to completely explain both the
edge, and the presence of a number of extreme scattered disk objects. Proposals have included
the presence of a Martian-mass body on an extended orbit (Brunini and Melita 2002), but have
no explanation for where this body is now. Weidenschilling (2003) suggested it is the result of
accretion occurring more slowly with distance from the Sun while Kobayaski & Ida (2001)
explain it as the passage of a star near the protoplanetary disk. This last proposal seems to the
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most reasonable, however, it cannot explain the presence of a handful of objects with large semi-
major axes and highly eccentric orbits, such as 2000CR105, (87269) 20000067, and (90377)
Sedna.
PHYSICAL STUDIES: COLORS, SPECTRA AND LIGHTCURVES
While discovery of objects and their dynamical properties are crucial, it is only a first
step towards understanding the region as a whole. If in fact these objects are remnants from early
Solar System accretion as Edgeworth first suggested, they provide a picture of our past. We
know that the surfaces of Solar System bodies are processed over time. An object's color is
viewed as a balance between two processes: (1) surface irradiation from cosmic rays and UV
photons (Moore et al. 2003) that reddens objects, and (2) collisional resurfacing or cometary
activity that causes objects to be more blue or neutral in color (Thebault and Weidenschilling
2003). Older, unprocessed objects are expected to appear redder while processed objects will
appear to have more neutral materials on their surfaces. On the larger KBOs it is believed that
the decay of short-lived 26A1 dispersed in silicate material at the early stage of formation
combined with mutual collisions would allow sufficient heat for water ice metlting and
aquaeously altering the silicates within such bodies (Busarev et al. 2003). Subsequent cooling
and surface gardening would reveal signatures of altered silicates. Aside from these processes, in
particular for the small KBOs, we believe these objects to be in a relatively primordial state. By
measuring the surface colors of these objects in multiple broadband filters, we can investigate
these hypotheses in addition to potentially linking some physical characteristics of these objects
with their dynamical classifications.
Early studies showed KBOs to be bimodal in color, either neutral (solar-like colors) or
very red (Tegler and Romanishin 1998); however, as the dataset grew, the middle color region
filled in, and we now find the population of KBOs in Figure 2 to exhibit a wide variety of colors
(Doressoundiram 2003). However, with a larger dataset also comes the possibility of studying
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sub-populations of these objects. It is within these sub-populations that correlations are being
revealed.
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Figure 2. Plot of KBO colors.
V-R versus B-V from Doressoundiram (2003). The centaurs are triangles, classical objects are
diamonds, plutinos are squares, and scattered disk objects are circles. Notice that each population
of objects spans from neutral to very red.
Studies of the orbit poles of KBOs has revealed a "core" population (with a FWHM of
",4.6°, Elliot et at. 2(05), made up of a combination of Classical and Scattered objects. A study
of the colors of these objects reveal the majority to be red (Gulbis et al. 2(05). With increased
inclination, the majority of objects are blue. This is similar, but not identical, to the claim of
Trujillo & Brown (2002)for a correlation between inclination and object redness; low inclination
objects are red while high inclination objects are neutral. Working with a slightly different
definition of "classical" objects (that of the MPC - objects with quasi-circular orbits with semi-
major axes between 35 and 48 AU) Peixinho et al. (2004) find in another study of KBO colors
that objects in their sample are particularly red below an inclination of 4.5 degrees. Classical
objects with higher inclinations exhibit a combination of red and neutral coloring. The physical
reason for this particular distribution of colors is still under investigation. It has been suggested
(Gomes 2003b) that these populations can be explained as coming from different origins.
Additionally, there is evidence for objects with perihelion greater than 40 AU being red with
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additional constraints for an HR dependence (Tegler and Romanishin 2000; Peixinho et al.
2004). Models indicate that strong color-perihelion variation can be explained by collisional
evolution (Delsanti 2003, Thebault 2003). Large KBOs (D > 150km) may be able to retain a
small bound atmosphere when they are closer to the Sun, and therefore be efficient at resurfacing
themselves. Small KBOs reflect only a collisional history.
Among the Centaur and Plutino (3:2 resonance) populations there are color-color
correlations between B-V and V-R, but not with V-R and R-I. Transfer mechanisms for getting
objects out of the Kuiper belt are not yet well understood, but the fact that these two populations
of objects have similar colors might be an indication that the Centaurs derive primarily from the
Plutino population. In addition, among the Plutino population there appears to be a correlation of
color with HR: small Plutinos are more neutral in color than large Plutinos (Peixinho et al. 2004).
Color among these populations does not appear to be correlated with any orbital parameter.
Perhaps these results are not surprising since all of these objects are in the 3:2 resonance with
Neptune. Among the scattered disk population no strong correlations exist.
Since theories for the existence of a Kuiper belt stemmed from a study of the comet
population it is instructive to compare the measured colors of KBOs to those of short period
comets. The results show KBOs spanning a range of colors while comets are mostly neutral
(Doressoundiram 2003). Perhaps their surfaces are regenerated by ice sublimation as they come
close to the Sun. While transition from the Kuiper belt to short period comets seems logical, the
fact that there is a disparity among the colors begs explanation and further research.
In addition to color correlations between populations and dynamical characteristics, a
handful of the brightest objects, and many Centaurs, have been studied in more detail with full
spectroscopic observations. Broad band photometry can provide hints of absorptions, but true
3 HR is the time-averaged magnitude of an object observed in an R filter and theoretically placed
1 AU away from the Earth, 1 AU away from the Sun and at phase angle of zero Bowell, E., B.
Hapke, D. Domingue, K. Lumme, J. Peltoniemi, and A. W. Harris 1989. Application of
photometric models to asteroids. In Asteroids II (R. P. Binzel, T. Gehrels and M. S. Matthews,
Ed.), pp. 524-556. Tucson.
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identification of the compositions require higher resolution techniques. The signatures of interest
are water ice, methane ice, nitrogen ice, hydrocarbons, olivines, and pyroxenes. Among the
Centaur population, the signature for water ice has been detected on at least six objects, while
others have been found to be relatively featureless. Four objects are found to exhibit potential
surface heterogeneity and one, 2060 Chiron, has shown comet-like activity (Meech and Belton
1989; Dotto et al. 2003). Among the Kuiper belt proper, only the largest KBOs have been
spectroscopically observed. 1996 TO66, 20000 Varuna, and 50000 Quaoar exhibit absorption
features attributed to water ice (Jewitt and Luu 2004), and 90377 Sedna exhibit features
attributed to nitrogen and methane ices (Barucci et al. 2005). Clearly there is much to be learned
about the surfaces of these objects.
Lastly, one can study the rotations of these objects. These studies often take large
quantities of telescope time, but the results can be quite interesting. Once the effects of geometry,
are removed, the light curve of a body is due to the body being binary in nature, rotationally
elongated, spherical with an albedo spot or some combination of the three. The removable
geometric effects include the Sun-object distance, r, the Earth-object distance, A, and the solar
phase angle, a (the angle between the Sun and Earth as seen by an observer on the object). If one
assumes that the body is spherical there is a maximum rotational period beyond which a KBO
rotates so fast that it will throw material off its equator. Applying Newton's second law of motion
and the law of gravitation (Romanishin and Tegler 1999) allows us to place a lower limit on the
density of such an object, requiring that it not be in a state of internal tension, where Tr,,,, is the
period of the object, and G is the gravitational constant (6.67xl0l 1 m3 /kg s2), is
3;r
P 2 _ 
- GTrot te
(1)
The shortest rotational period for an object without any tensile strength, and a density of 1000
kg/m3 (water ice) is 3.3 hours. Similarly, the shortest reasonable period for an eclipsing binary
system with a separation distance equal to the sum of the radii of the two components with
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similar sizes and densities is 6.6 hours. A complete cycle corresponds to two minima and two
maxima in the lightcurve.
If the light curve variations are due to changes in the projected cross-section of an
elongated body (a tri-axial ellipsoid where a#bwc), then assuming that the rotation axis of the
object is perpendicular to the line of sight of the body, and that the peak-to-peak amplitude, Ap-p
(ratio of the minimum to maximum brightness of the object) of the light curve is an appropriate
estimate of the axis ratio of the elongation (Binzel et al. 1989; Jewitt et al. 2001; Lucerda and
Luu 2003) then
a/b = 10 '4A - , where
(2)
a and b are the projected equatorial radii of the body. This ratio is a lower limit due to projection
effects. For this interpretation, the rotation period is twice the single-peaked period because of its
projection of both axes (long and short) during one full rotation. Large amplitudes may indicate
duplicity (Sheppard and Jewitt 2004).
A study of 33 bright KBO for lightcurves by Sheppard and Jewitt (2003) from Hawaii,
find 27% of objects within their sample to have peak-to-peak amplitudes > 0.15 magnitudes,
15% to have amplitudes > 0.4 magnitudes, and 9% with amplitudes > 0.6 magnitudes. Only a
handful of these have fully determined periods, ranging from 4-12 hours (single-peaked
period). Among the main-belt objects there are many more objects with amplitudes > 0.15
magnitudes, a comparable number with amplitudes in the mid range, and fewer with respectively
large amplitudes. Periods of objects in the main belt range from a few hours to days, however
there appears to be a steady decrease in the mean rotation rate from small to large asteroids up to
100 km in diameter (Pravec et al. 2002).
DIRECT IMAGING: BINARIES
Binaries provide opportunities to measure quantities of interest in the Kuiper belt that are
otherwise unobtainable without visitation. They provide a natural laboratory in which to study
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the outcome of collisions and gravitational interactions in the outer Solar System, and the total
mass of a binary system can be calculated from determination of the system's mutual orbit. If the
body diameters can also be measured, through mutual occultations and eclipses, or by combined
thermal and visible observations, then densities can be determined. From densities, one can infer
bulk composition, and make inferences about the internal structure of these objects (i.e. is the
object a rubble pile or solid body).
Scenarios for Solar System formation must include explanations for the frequency, orbital
and compositional characteristics of these binaries as well as the location of these systems in the
belt. Their existe nce today indicates that the velocities of individual objects, and the overall
population of objects in the primordial Kuiper belt, were substantially higher than the current
population. That they have not been destroyed indicates that the systems are tightly enough
bound to exist as such for nearly 4.5 billion years or require a formation mechanism in the
current environment. Models suggest different formation mechanisms for close and widely
spaced binaries (see Chapter 2). The rotational properties of both the components provide insight
to the collisional evolution of the system, and give some indication of object shape (spherical or
elliptical).
In the Kuiper belt, fifteen visually resolved (including Pluto-Charon), and one contact
binary system have been identified (Sheppard and Jewitt 2004). Details about their detections
can be found in Table 1; the bolded entries are binaries that were studied as part of this thesis,
and bold-italic entries are binaries that were discovered as part of this work. Columns 2 and 3 are
included to give observers an idea of what time of year, and from what hemisphere these objects
are best observed. Of those detected by direct imaging, seven of these have relatively wide
separations (>0.5 arcsec at discovery) while the other eight are close, requiring either space-
based observations or excellent ground-based conditions at a large telescope equipped with a
high resolution camera and/or adaptive optics. Such discoveries are the result of either (1)
looking at the image of a KBO observed for any variety of purposes and finding either image
elongation in a direction other than the direction of object motion, or (2) seeing two distinct
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sources. Image analysis techniques are then employed to determine the amount of elongation, or
separation of components. Because of our technologic and physical limits, we are biased against
finding binaries closer than about 0.05 arcsec, although it may be possible to infer contact
binaries through studies of lightcurves (Sheppard and Jewitt 2004).
TABLE 1. OBSERVATIONAL PARAMETERS FOR KBBs (FOR AUGUST 2005)
Objecta RA DEC mR Am Discovery Sb IAUC
(hh:mm.m) (O,) Telescope (")
Pluto 17:30.9 -14:58 13.85 3.2V KSARC 0.9 3241
1998WW31 3:57.9 +20:05 22.53 0.4R CFHT 1.2 7610
88611 2001QT297)d 22:02.5 -10:52 21.77 0.55R Magellan 0.6 7733
2001QW322 20:54.1 -18:01 24.09 0.OR CFHT 4.0 7749
47171 (1999TC36) 0:53.3 -03:37 19.65 2.2c HST-Deep 0.37 7787/7807
26308 (1998SM165) 1:35.9 +05:01 21.21 1.9c HST-Deep 0.23 7807
58534 (1997CQ29) 11:12.3 +06:51 22.62 0.2V HST 0.17 7824
2000CF105 8:44.1 +18:37 22.86 0.9V HST 0.78 7857
2001QC298 22:49.4 -02:40 21.84 0.5J HST 0.17 8034
66652 (1999RZ253) 22:27.0 -10:17 21.81 0.0J HST 0.25 8143
2003QY90e 21:59.4 -15:03 22.43 O.1R Magellan 0.34 8235
2003UN284f 3:40.9 +20:42 23.23 0.6VR KPNO 2.01 8251
2000CQ114 10:55.5 +09:14 22.88 0.3J HST 0.18 8289
2005E0304 e 12:41.3 -00:49 22.5 1.2VR Magellan 2.67 8526
2003EL61 13:21 +20:00 17.5 3.3 Keck AO 0.5 8577
2001QG298 0:07.6 -01:22 21.05 Contact binary, lightcurve identification
a The bolded entries are binaries that were studied as part of this thesis, and bold-italic entries are
binaries that were discovered as part of this work
b Separation at discovery
c Kai Strand Astrometric Reflector at USNO, Flagstaff
d First identified by David Osip
e First identified by Susan Kern
f First identified by Kelly Clancy
However, even with observational limitations for discovering close binaries, systems in
the Kuiper belt appear fundamentally different from binaries elsewhere in the Solar System. The
projected separations, based on the discovery separations, of these objects range from 3,000 to
60,000 km. In this work I study a sample of KBB lightcurves, orbits, system masses, and
diameter ratios. I compare these results with other observed KBBs, and look at the entire
population with respect to their rotation properties, discovery frequencies versus semi-major
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axis, and dynamical classifications. I then compare the characteristics of KBBs with other
binaries in the Solar System.
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CHAPTER 3: BINARY FORMATION MODELS
A number of hypotheses have been set forth to explain the formation of binary systems
within the Solar System. Binaries in different regions of the Solar System appear to form by
different mechanisms as they show marked differences with respect to their orbit properties,
rotation rates, and compositional strengths. The first study of a solar-system binary was the
formation of the Earth-Moon system. Six mechanisms were proposed: rotational fission,
precipitation fission, intact capture, disintegrative capture, binary accretion and giant impact
accretion (Boss and Peale 1986), with some variations on these ideas suggested by Merline et al.
(2002). Some mechanisms are more reasonable in different regions of the Solar System than
others. I describe each in turn, their relevance for the Kuiper belt, and how such formation
mechanisms can be tested by observation.
GENERAL MODELS
Rotational fission is based on a proto-planetary object rotating so fast that it spins off a
piece of itself, which becomes a satellite. An object of uniform density rotates at a given rate. If
the rate is slow enough, the body experiences approximately equal forces at all places on its
surface and can be described as a sphere, a=b=c. As the rotation rate increases, the object
becomes squashed in the middle; this shape is called an oblate spheroid. These spheroids rotate
around a common axis and are Maclaurin spheroids after Maclaurin who developed the
mathematical expressions for this situation. Two of the semi-major axes are equivalent and one
is different, a=b#c. Later, Jacobi developed mathematical expressions for the situation when all
three axes are different, awbwc; a Jacobi ellipsoid.
The rotation rate is related to the spin angular momenta of a body where I is the moment
of inertia and co is the angular velocity of the body (=2/Trotate),
L1spin = w.
(3)
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The higher the density, the more quickly the object can rotate before becoming dynamically
unstable as described by Equation 1. Objects with fast rotation rates could spin off a piece of
themselves. The origin of a fast rotation rates could be a catastrophic event such as passage of
the minor body close to a large planet, especially if the object is an ellipsoidal rubble pile.
Among planet crossing (near-Earth) asteroids, studies are showing that the rotation frequency of
binaries is quite high. Most of the satellites produced by this method would be substantially
smaller than their primaries, consistent with the characteristics of the observed near-Earth binary
population. Richardson et al. (1998) and Bottke et al. (1999) modeled such a population and
compared it with observed doublet crater counts, finding that this mechanism produces an
appropriate frequency of binaries, provided that these objects are dominated by a few large
pieces. The observed maximum rotation rates for near-Earth binaries are consistent with that
projected by this formation mechanism (Paolicchi et al. 2002).
A slight variant on this mechanism is the formation of binaries by cratering ejecta. The
critera for such a formation event includes constraints such as the impacted object being
significantly elongated and rotating about its shortest axis. If the object is spherical, anything
ejected off the surface will re-impact the surface after one revolution. However, if ejecta are
launched from the long axis of an elongated object, it may encounter the short axis as it goes
around, avoiding re-contact with the surface. If multiple ejecta interact in such an orbit, they can
damp out each other's eccentricity so they will not impact the surface, but orbit about the object.
There is a limited range of velocities where this situation could happen, however the range is not
unreasonable. The results of this mechanism are also observationally testable. If the binary orbit
is within the synchronous point 4, it will slowly decay into a contact binary. If it is outside this
point, the orbit would evolve outward, and for a small body, the effect on the primary's spin
would be minimal. Small secondary components in prograde orbits about non-spherical rapidly
4 The location in an orbit where the rotation period of the primary body equals the revolution
period of an orbiting satellite.
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rotating primaries are evidence for this mechanism. Six main-belt binaries fit this description
(Merline et al. 2002).
Another model, precipitation fission, involves formation of a binary component through
precipitation of a primary object's atmosphere. This mechanism (1) requires an object to be
large enough to retain an atmosphere and (2) requires the temperatures of that atmosphere to be
high enough to volatize parts of the surface that escape. It is improbable that small objects in our
Solar System satisfy these requirements, therefore this model is dismissed without further
explanation.
The next model, intact capture, can be accomplished in three primary ways: (1)
dissipation of energy by tides, (2) accretion of material already in orbit around a parent body or
(3) a three-body interaction where one body carries away the necessary energy that allows the
other two, in a temporarily bound state, to remain bound. While this mechanism has been
discounted for the formation of the Pluto-Charon binary, the last is a likely scenario for other
KBBs and will be discussed in more detail in the next section.
Yet another model, disintegrative capture, assumes that a body is broken up while
passing inside the Roche limit of the object to which it will become a companion. The debris
from this break-up gets gravitationally captured by the planet and re-accretes to form a satellite.
Unfortunately, in the region of the Solar System where the Kuiper belt lies, the velocity
encounter speed is improbably low for this scenario to reasonably describe the observations.
Similar to the disintegrative capture mechanism is the binary accretion method. During
the early stages of planetary accretion, small planetesimals colliding in the presence of larger
bodies can leave debris caught in orbit around a larger body. The debris may form a ring-like
structure that slowly accretes to form a single satellite. Before accretion, however, the ring-like
structure grows by trapping additional heliocentric planetesimals through collisions. With respect
to the inner Solar System, this scenario is problematic because the flux of heliocentric
planetesimals necessary for compositional filtering results in the ring decaying onto the primary
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object. In addition, the high angular momentum of the Earth-Moon system cannot be reached by
this mechanism; the Pluto-Charon system and other KBBs present similar problems.
A variant on the previous method is fragmentation. A collision results in the
fragmentation of one of the bodies involved, rather than a debris disk. This scenario hypothesizes
that when two bodies encounter each other, one of the two is shattered (Asphaug et al. 1998).
Two (or more) of the resulting pieces remain gravitationally bound. This idea is attractive
because numerous asteroid "families" have been identified in the main asteroid belt (Chapman et
al. 1989), and there appears to be evidence of a family in the Kuiper belt as well (Chiang 2002;
Chiang et al. 2003). These families are identified by a statistical analysis of the proper orbital
elements (orbital elements that are independent from planetary perturbations) of KBOs, the semi-
major axis a, the eccentricity e and the inclination i. In the case of a family, these parameters are
clumped. The relative velocities of the fragments generally exceed their mutual escape velocity
such that they do not remain bound. At least four of the identified main-belt binaries are
members of identified families. None of the binaries in the Kuiper belt falls into the potential
family and, the binaries discovered in the Kuiper belt have about equal masses, are closely bound
and have moderately eccentric orbits. These characteristics are opposite what one expects if these
objects were the result of fragmentation, i.e. the larger objects should have the smallest velocities
upon fragmentation.
Lastly, we have the giant impact accretion model. The basic idea is that two objects
comparable in size (or one slightly smaller) collide obliquely at a relatively high velocity. The
total angular momentum of the system is a combination of the mutual orbit and the spin angular
momenta of the pieces of the bodies, where where mp and ms are the masses, Ip and Is are the
moments of inertia, and cop and cos are the spin angular velocities of the primary and secondary
components, respectively. The semi-major axis and eccentricity of the secondary orbit are
expressed as a and e and n is the orbital angular frequency of the system
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mpms
Ltotal = [-_m n a 1- + [IP('P + Iss].
.mP + s
(4)
The debris from the collision collects outside the Roche zone of the "primary" to form a
secondary object in a tightly bound orbit. This orbit tidally evolves outward until it reaches a
spin-locked state. As the secondary moves outward, the orbital angular momentum of the system
increases while the spin state of the two bodies decreases (the objects spin more slowly). The
lower limit to the separation of the primary and secondary objects is found by converting all the
orbital angular momentum to spin angular momentum. The extreme case for this situation is a
contact binary. The minimum separation distance amin, is found by equating the force due to
gravity and the centrifugal forces necessary for a little mass dm to stay bound to the surface of
the body. Otherwise, the total angular momenta of the system implies that originally the objects
would have been spinning faster, Lbreak, than their breakup speed. The closest these two bodies
can get is,
amin = (Ltotal Lbreak)2 where U mms
Gt mp + ms
(5)
The probability of this scenario is low, but much higher than the intact capture probabilities if the
velocities are higher. This giant impact model is the currently adopted scenario for the formation
of the Earth-Moon and possibly the Pluto-Charon system (Canup 2005). It has the benefit of
explaining why the density of the Moon and Charon are both less than that of their primaries (the
Earth and Pluto). However, it does not work so well for other binaries in the Kuiper belt because
the angular momenta observed in their systems are too large (Brown, private communication
2001).
KUIPER BELT BINARIES
For KBB systems that are significantly smaller than Pluto-Charon, the intact capture
scenario, sometimes referred to as orbital modification by multiple gravitational collisions,
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appears to be the most likely explanation for binary formation. The exact mechanics of this
process, however, are not well understood and a number of models have been proposed. Figure 3
presents schematics for each of these scenarios. Weidinschilling (2002) presented a model that
results from two objects physically colliding and accreting within the sphere of influence of a
third. Goldreich et al. (2002) model a similar interaction, but invoke gravitational rather than
physical collisions and consider a sea of small bodies in addition to the three-body scenario.
Funato et al. (2003) suggests a series of exchange reactions between a forming binary system
with different sized components and other KBOs to build the systems we observe today. The
most recent model (Astakhov et al. 2005) combines gravitational scattering with chaos-assisted
capture of transitory binaries. Timing and stability of binary formation are explored by Stern
(2002) and Petit and Mousis (2004). All four proposed formation mechanisms suppose that these
systems are primordial, formed when the Kuiper-belt disk was massive and dynamically cold.
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Figure 3. Illustrations for proposed Kuiper-belt binary formation models.
(a) Weidenschilling (2002). A physical collision between two objects within the Hill radius of a
third larger body, the collision combines to form a single object that remains bound around the
large body. (b) Goldreich et al. (2002). This model startswith a transitory binary inside the Sun-
binary Hill sphere that is stabilized by interaction with either (I) another single large body or (2)
a sea of small bodies. Energy is carried away by one of these two scenarios and the remaining
two bodies become more tightly bound. (c) Funato et al. (2003). In this model, "asteroid-like"
(large-small component) binaries are formed through physical colIisions then the secondary
component is exchanged during additional gravitational interactions to form approximately equal
sized binaries. In short, the smaII bound bodies interact gravitationalIy with passing larger
objects that exchange energy with the smalIer body such that they are captured and the smaller
body is released. (d) Astakhov et al. (2005). Transitory binary formation through chaos assisted
capture (Astakhov et al. 2003) inside the Sun-binary HilI sphere with stabilization through
multiple gravitational scattering with smaII intruders, 1-2% of the totalbinary mass.
The Hill sphere of an object is the distance at which the gravity of a planet or minor body
dominates over the tidal force of the Sun. Beyond this distance, a third object in orbit around the
second (the primary KBO) would spend at least part of itsorbit outside the Hill sphere, and
would be progressively perturbed by the tidal forces of the Sun and would end up orbiting the
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latter. In Equation 6, mp is the mass of the KBO primary, Msun is the mass of the Sun
(mp<<Msun), r is the heliocentric distance of the KBO and RHilSphere is the hill sphere of the
primary:
RHillSphere m
3(Msun + mp)r
(6)
An object entering the Hill sphere of another object at very low velocity can remain
gravitationally bound to that object for some time as a temporary (or perhaps permanent)
satellite. Planetocentric orbits that are stable over long periods of time are well within the bounds
of a planet's Hill sphere. Regular satellites move on low eccentricity prograde orbits near the
equatorial plane of their planet. Irregular satellites generally travel on highly eccentric, highly
inclined orbits (exterior to the Hill sphere of the object). Perhaps KBOs travel in similar orbits,
albeit on a smaller scale. The remaining mystery lies in understanding the mechanism
responsible for stabilizing the secondary around the primary for long periods of time.
Weidenschilling (2002) suggests that KBBs are the result of the physical collision of two
bodies within the sphere of influence of a third body during low velocity accretion in the solar
nebula. This mechanism requires binary objects to be primordial. Two-body collision of small
bodies results in the formation of one body. The energy of such an event would release enough
energy so that the accreted body would have negative total energy with respect to the third body.
As a result, the accreted body would remain bound to the third (larger) body. This mechanism
favors the formation of loosely bound pairs and predicts that their abundance should increase
with semi-major axis, out to a significant fraction of the Hill radius. Orbital migration of the
outer planets should not affect the components of a binary system, because this motion is a
"gentle" process. However, this mechanism argues against the stirring of massive planetesimals
scattered by Neptune as an explanation for excitation in the Kuiper belt. It suggests that binaries
should not be found among the scattered disk objects. Observationally we know of 2 scattered
disk binaries and a range of binary separations.
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Goldreich et al. (2002) model two similar mechanisms which they state would be at work
during the time of runaway accretion in the Kuiper belt: (1) dynamical friction from small bodies
or (2) scattering of a third large body in the vicinity of a transitory binary. The latter leaves two
bodies in bound orbits while the third body leaves the system with a large positive energy. The
main simplification in their calculation is that only two groups of bodies are considered: (1)
small ones containing most of the total mass and (2) large ones contributing a small fraction of
mass. The latter group is the only one that can be observed with current techniques. For the first
case of dynamical friction, numerical simulations (integration of the equations of motion
including dynamical friction under the Hill approximation in a frame rotating at the average
mean motion; capture occurs when the impact parameter widths are about proportional to the
drag) yield a binary formation rate of 3x10-6/year. The second case, scattering by a third body
(adding the presence of a third body in the Hill sphere of a transitory binary during its lifetime)
yields a binary formation rate per large body of ~3x10-7 /year.
The advancement in this model over that of Weidenschilling (2002) is that it gives a
functional form for the fraction of KBBs over a distribution of semi-major axes. In the region
where the radius of a KBO, r, is less than the separation of the two bodies, a, which is less than
the radius where the velocity dispersion of small bodies has affect, r (r <a<ru), p(a) is the
probability density per logarithmic band in semi-major axis as, of finding a KBO in a binary
system:
a 3rp(a,= f --2 da,
a ain 
(7)
This equation basically means that within a region defined by the radius of a body, the separation
of components and the region inside of which small bodies can break up a transitory system, a
probability function for the number of KBBs at a given separation exists. The timescale for a
binary to spiral in and reach contact is the growth timescale for an isolated body, a=r; the critical
separation is 300km. For r<300 km accretion by an object spiraling in could make a substantial
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contribution to the growth of a large body or result in a contact binary. Systems with multiple
components may exist if they are stable. This prediction says that there should be fewer binary
KBOs with increased semi-major axis and that the probability of finding a large body in a binary
system with separation greater than ru, which they define as 3 arcseconds (87,000 km at the
distance of Pluto), is 0.003%, independent of a.
Funato et al. (2003) argue that the mechanisms proposed by Weidenschilling (2002) and
Goldreich et al. (2002) require either unreasonable velocities to result in stable configurations or
a higher number density of objects in the disk than is feasible. They present the mechanisms of
physical collisions between two bodies combined with rotational fission and followed by the
interaction of these transitory binary systems with other bodies in the belt. They view the
exchange of a small binary component with a higher mass object as an isolated two-body
encounter where the binding energy between the primary and new secondary component is
unchanged. The size of the binary orbit is increased in proportion to the increase in mass and in
order to conserve the specific angular momentum, the eccentricity of the new binary increases.
The observational prediction for this scenario is KBBs with roughly equal masses, large
separations and high eccentricities.
Stern (2002) investigates the energetics of binary formation through collisions because,
as discussed earlier, this mechanism is in fact a reasonable explanation for binary asteroid
formation. He finds that formation by collisions requires a dynamically-excited Kuiper belt, but
concludes that unless our standard assumptions about the KBOs or the belt as a whole are in
error, this process does not produce enough KBOs with satellites by a factor of -40. One
explanation for the population problem that appears plausible is that the input albedo assumption
of 4% for the primary and secondary KBO components is underestimated. An albedo of 4%, that
of Halley's comet, has been canonically used for calculations because comets are believed to be
derivatives from the Kuiper belt population and we had no direct observations of KBOs
themselves. An albedo of 15% for these objects would increase the available supply of impacting
objects to plausibly generate the fraction of binaries observed. This albedo is not entirely
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unreasonable given the values that are currently being measured for KBOs (Grundy et al. 2005;
Stansberry et al. 2005). This mechanism also requires substantial impact velocities between
objects, 1-4 km/s. Collision speeds in the current belt are 1.5 km/s, but excitations of objects to
these velocities happened late with respect to the geologic timescale of the formation of the belt
as a whole. Stern's conclusion is that if KBBs formed by collisions then their formation was in
the recent past rather than primordial. However, this conclusion is offset by the fact that collision
events in the current belt are rare and the current frequency of observed binaries could not be
reached by more a recent formation scenario.
Petit and Mousis (2004) analyze the stability of KBBs over the history of the Solar
System, exploring the question, are they primordial or a relatively recent phenomena? They
consider the results of three disruptive mechanisms: (1) classical shattering, (2) dispersal of a
secondary due to a high-velocity impact, or (3) dislodging of a secondary due to the direct
collision of a small impactor or gravitational perturbation by a close approach to a somewhat
larger KBO. Direct collision appears to be the most effective way of destroying binaries. They
conclude that widely-spaced binaries such as 2001QW322, 1999WW31 and 2000CF105, must
have been 10 times more numerous at the beginning as these systems are more loosely bound
gravitationally and therefore easier to break up. The three observed systems are likely to be
shattered on a timescale far less than the age of the Solar System. However, Petit and Mousis'
modes show that close binaries are stable for tens of giga-years. They propose that some
combination of both Goldreich et al. (2002) and Weidenschilling's (2002) models may be at
work unless one can come up with a viable contemporary formation mechanism for such
systems.
Astakhov et al. (2005) propose a mechanism for KBB formation similar to that of
irregular moons. chaos-assisted capture (Astakhov et al. 2003). Long-lived quasi bound binaries
are produced through interaction of components in a thin spatial region where orbits are chaotic,
prograde and retrograde. Transitory binaries can break apart unless stabilization occurs. Small
perturbations can switch a transitory binary component into a Kolmogrov-Arnold-Moser (KAM)
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region (a stable region adjacent to the chaotic region of an orbit) from which escape is not
possible. At high energy, permanent capture into retrograde orbits is most likely. Once an object
is captured, further encounters with intruders are probable, once every 3,000-10,000 years
(Weidenschilling 2002). Astakhov et al. (2005) explore the phase space of capture with Monte
Carlo simulations for single and multiple intruder scattering, exploring both dwell times and the
mass ratios of components. They find that multiple low-mass intruder scattering both stabilizes
transitory components and hardens more secure orbits while also making them Keplarian5. Equal
mass binaries have a higher survival probability and the KBBs have moderate eccentricities, very
similar to some of the currently known KBB population. Their models assume that the binary
center-of-mass follows a circular heliocentric orbit which is not the case for some objects.
Moderate eccentricities for these orbits has the effect of reducing, but not eliminating, the
efficiency of this method, although this method operates in the primordial Kuiper belt when
eccentricities may not have been as high. While predicting the majority of KBOs have about
equal masses and moderate eccentricities, this model does not exclude that there may be a sizable
population of asymmetric binaries as well.
A few observables, including the frequency of objects at their given semi-major axes and
eccentricities, should allow us to effectively evaluate these models.
5 Keplarian orbit - an orbit described by Kepler's equations that describes the motion of one
object around another (like that of a planet around the sun or a satellite around its parent planet).
It is defined by six elements, the longitude of the ascending node, the argument of the
pericenter, the inclination, the semi-major axis, the eccentricity, and the mean anomaly at epoch
(i.e., at some fixed time). The first three elements fix the orientation of the orbit, the other two
define its shape, and the last one is the initial condition of motion.
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CHAPTER 4: THE DEEP ECLIPTIC SURVEY (DES)
The Deep Ecliptic Survey (DES) began in 1998 to discover KBOs and Centaurs for
dynamical studies. The project discovered 496 objects that have received preliminary
designations from the Minor Planet Center (MPC). An additional -320 objects have been
identified but never recovered mainly due to a lack of telescope resources for follow-up. The
project utilized the Blanco and Mayall 4-m telescopes at Cerro Tololo Inter-American
Observatory (CTIO) and Kitt Peak National Observatory (KPNO), respectively, and their wide-
field Mosaic cameras (Muller et al. 1998). In 2001 the project received formal survey status from
the National Optical Astronomy Observatory (NOAO) for 5 years. Numerous substantive papers
have resulted from these observations; however, two primary papers, Millis et al. (2002) and
Elliot et al. (2005), are sufficient for discussion of the observations. In this chapter I summarize
the observational characteristics of the DES images for the purpose of employing these
observations for variability and binary frequency studies.
OBSERVATIONS
The Mosaic cameras house eight edge-abutted 2048 x 4096 thinned, antireflection-coated
SITe CCDs with 5tm pixels. We operate in a 2x2 binned mode such that the plate scale for our
images is 0.52 arcsec/pixel with each observation imaging 0.6 x 0.6 ° on the sky. Our search
fields are chosen so that no stars brighter than magnitude +9.5 (according to the PPM catalog) lie
within the field, and there are at least 35 astrometric standards (from the USNO-A2.0 catalog)
per chip in the Mosaic array. We confine ourselves to within ±+6.5° of the ecliptic, and within a
swath ±+30° in ecliptic longitude from the opposition point. We use a VR filter (Jewitt et al.
1996), a broadband filter (center X=6100A, passband FWHM 2000A) that provides better signal-
to-noise (S/N) than the traditional R, Sloan r, 'and "white" (clear) filters with only a small
increase in the sky background (the filter excludes the dominant OH sky lines at kX7000A).
Early on in the survey, this filter was unavailable so we used a number of other filters (white:
center k=5600A, passband FWHM 6800A, Sloan r': center X=6292A, passband FWHM 1475X,
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and Nearly-Mould I: center X=8200A, passband FWHM 1930A). For consistency in this
analysis, I include only data collected through the VR filter. From inception through the end of
2003 we surveyed -550 deg2 of sky to a mean 50% sensitivity of 22.5 magnitudes (Elliot et al.
2005).
The data are systematically analyzed with each of the 8 CCD chips considered to be a
separate frame. An astrometric solution for each frame is determined based on stars in the
USNO-A2.0, and more recently, the USNO-B 1.0 catalogs. We use a 10-coefficient fit for the
astrometry due to the fact that the wide field of view and camera optics produce significant
distortions that need to be accounted for in such analyses. The distortions are stronger on the
outer chips (1, 4, 5, and 8) than in the central region (chips 2, 3, 5, and 6).
In addition to astrometry, these frames are also nominally characterized photometrically.
The stars in the USNO catalog are listed with R-magnitudes. These stars are not photometric
standards, and some have errors as large as 0.5 magnitudes. However, the magnitude errors for
all the stars used for a typical frame are -0. 1-0.2 magnitudes for declinations north of about
-10° , and ~0.2-0.3 magnitudes further south. Employing the photometry for all the astrometric
stars in an frame, and with the caveat that we are observing with a VR filter rather than an R
filter, we determine the approximate magnitude of any KBOs observed as well as a limiting
magnitude for the field. This limiting magnitude is defined as the magnitude of a synthetic
object, constructed from a stacked point-spread function taken from the frame, whose peak pixel
is 3 times the rms sky noise. We then integrate over the scaled point-spread function with the
aperture used in the reductions, and add the photometric zero point (the zero-point magnitude
scale is offset by 24.0).
As a result of this analysis, we have a record for each frame of: (1) the full-width at half
maximum (FWHM; determined from a robust average of the FWHM of identified astrometric
sources in the frame), (2) the limiting magnitude of each frame, and (3) the magnitude and
instantaneous position of any observed KBO (the geocentric and heliocentric distances of the
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object become more well known as the orbit of the object is better determined through additional
observations).
IMAGE CHARACTERISTICS
Figure 4 plots the fraction of observations, for frames that had KBOs on them, with a
given magnitude limit for data collected in the VR filter from inception through 12 March 2005.
The mean value of these 2030 measurements is 23.5 magnitudes. The data have been binned in
0.2 magnitude intervals: the first bin at 20.7 magnitudes (the brightest limit) and the last bin at
25.0 magnitudes (the faintest limit). The best and worst seeing were 1.16 and 3.62 arcseconds,
respectively. Means and medians of these observations based on observing site can be found in
Table 2.
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Figure 4. DES seeing and magnitude characteristics.
Plot of the fraction of observations (for frames that had KBOs on them) with a given seeing (top)
and magnitude limit (bottom) for all the DES data collected in the VR filter from inception to 12
March 2005. Additional statistics for our observations can be found in Table 2.
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TABLE 2. OBSERVING STATISTICS
Observations Limiting Magnitude Seeing
Mean Median Mean Median
All 23.52 23.57 1.69 1.65
CTIO 23.64 23.65 1.62 1.60
KPNO 23.42 23.47 1.74 1.70
The CTIO data appear to be consistently better. I attribute this primarily to the
consistently good conditions during these runs (Table 1, Elliot et al. 2005). The delta magnitude
difference expected based on the seeing characteristics is 0.16 (median 0.13) magnitudes. This
difference is slightly lower than the 0.22 (0.18 median) limiting magnitude difference between
the observatories, but close enough that the apparent differences between observatories is small,
and it is reasonable to combine the observations in our analyses.
The more an object is observed, the more confident one can be in determining binary
status within the limits of the observations. Whether an object is seen to be binary depends on
both the observer's capabilities, and the characteristics of a binary's orbit. In the 2030
observations 6 described above, the average number of observations on a given object was two,
although towards the end of the survey three frames were acquired (to ensure the provisional
designation of our discoveries by the MPC as well as to lengthen the recovery arc from 2-h to
24-h). Objects with more than three observations reflect the recovery work (during survey time)
of the DES with the 4-m and Mosaic camera combination7 . In Chapter 9, I choose the Mosaic
frame for each object with the best seeing for further analysis with respect to binary detection.
Figure 5 illustrates the distribution of magnitude differences between pairs of frames.
More than 50% of our observations have consistent magnitudes between exposures. With respect
to a binary frequency analysis, this effect is small and therefore neglectible in further analyses.
However, in Chapter 4, I scrutinize this result further with respect to my lightcurve work. How
6 An observation is defined as a single frame.
7 Recovery observations were acquired at a number of different facilities available to DES team
members: Magellan, WIYN, Shane, MDM, Steward, UH 2.2-m, and the Perkins, in addition to
the KPNO and CTIO Mayall and Blanco telescopes. Only DES recoveries acquired with the
same system as the discovery observations are considered in this paper.
52
indicative is the variation of an object magnitude over 2-3 hours of the object having a
lightcurve that is worth observing? A Gaussian fit to the data in bins of 0.2 in magnitude space
yields a FWHM of 0.30 magnitudes, and a maximum fraction of 0.56 at -0.13 magnitudes. This
distribution does not imply that objects with zero magnitude change in 2-3 hours do not have
detectable lightcurves, only that they don't have lightcurves that vary on this timescale. Objects
with large changes (> 1.0 magnitudes) may indicate contamination of the measured light by
another source on the field (background star or galaxy).
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Figure 5. DES delta magnitude distribution.
Plot of the distribution of magnitude differences between two, and in some cases three,
observations for DES discovery observations. A Gaussian fit to the data (overplotted line) in bins
of 0.2 in magnitude space yields a FWHM of 0.30 magnitudes, and a maximum fraction of 0.56
at -0.13 magnitudes.
Lastly, Figure 6 plots the difference between the magnitude of the discovered KBO and
the limiting magnitude of its frame. The height of the over-plotted Gaussian curve is 0.09, the
center of the curve is at -1.24 delta magnitudes (the limiting magnitude of the frame was this
much fainter than the observed object) and the width (standard deviation) of the curve is 0.88
magnitudes. Objects that lie at the boundary (positive numbers) of the S/N may be detected if the
noise is constructive with their signal, and may not be detected if the noise is destructive.
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However, the frequency of discovery is less, as demonstrated by the number of objects detected
below the magnitude limit.
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Figure 6. DES frequency of observations versus frame limiting magnitudes.
Plot of the percentage of observations with a given delta between the object magnitude and
limiting magnitude of the frame for all observations in bins of 0.2 magnitudes. The height of the
over-plotted Gaussian curve is 0.09, the center of the curve is at -1.24 magnitudes, and the width
(standard deviation) of the curve is 0.88 magnitudes.
Combining the orbital parameters of the currently observed KBBs with the DES frame
characteristics, it is now a straightforward process to calculate how many DES frames had a
possibility of containing a KBB. This analysis is left for Chapter 9. I also investigate if the
variability between frames is indicative of the object having a detectable lightcurve in Chapter 6.
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CHAPTER 5: MAGELLAN
Beginning in 2001 the first of two 6.5-m Magellan Telescopes (the Baade) became
available for observations of the sky in the Southern Hemisphere. The second telescope (the
Clay) began operations in 2002. MIT's participation in the Magellan Consortium included
building a high-resolution imager, the Raymond and Beverly Sackler Magellan Instant Camera
(MagIC, Osip et al. 2004), and providing approximately 70 nights per year to be used for
observations by MIT observers. MagIC, the primary workhorse for the data presented here, is a
2048x2048 24 im pixel camera which, at the f/l focus of Magellan, has a plate scale of 0.069
arcsec/pixel, and a field of view of 2.36 arcmin square. It resides on one of the folded ports of
the Clay telescope. The field of view is large enough to supply comparison stars for variability
work, while the plate scale is small enough to yield ample opportunities for serendipitous
discoveries, given the excellent seeing at Magellan.
In addition to MagIC, another imager, LDSS-2, the Low Dispersion Survey
Spectrograph-2, used in direct imaging mode and mounted on the Clay telescope, was used for
recovery, and some lightcurve work, while MagIC was still in test mode. LDSS-2 re-images a
6.4 arc-minute diameter field onto a SITe#1 CCD camera with a plate scale of 0.38 arcsec/pixel.
Recovery observations extend the orbital arc of any object such that it will not be "lost"8
in the near future. In addition, with a long enough baseline in time, the object can be dynamically
classified. The high resolution imaging combined with excellent seeing can reveal duplicity for
objects without good enough orbits for observation by HST or other small field-high quality
instruments. It also provides an opportunity to study the individual components of binaries
versus time. The median seeing at Magellan is -0.7 arcsec, and it is not unusual to have 0.5
arcsec seeing or better, although seeing as bad as 2.0+ has also been experienced.
8 An object is considered "lost" if the error in its position exceeds 1000 arcseconds,
approximately half of the Mosaic field.
55
One of my primary objectives, aside from obtaining vital positional information, was to
study the rotational variation of KBOs. With the cost of telescope time being high, I developed a
method for observing and choosing objects that was efficient and yielded high science return. I
combined my observational limits with each object's discovery characteristics, and sparcely
sampled (-one observation every hour) photometry observations during one night at the
telescope. As much as possible, I observed objects that were above 2 airmasses for ~6 hours. If
an object showed evidence for variability, I returned to the object on one (or more) additional
night(s) to collect points at a higher sampling frequency, sampled in 20-30 minutes intervals. For
a few objects I was also able to collect variable color photometry. However, these observations
require substantially more telescope time, and for most objects was beyond the scope of this
project. The ultimate goal for any object was to obtain a precise period, and possibly discern the
rotation direction. This last goal will be addressed later in this discussion.
I aimed to obtain photometry with a S/N of 30 (±0.036 magnitude uncertainty), planning
for 2 minutes of overhead to move the telescope between objects and 20 seconds for the MagIC
CCD to read out (LDSS-2 takes -57 seconds). Exposure times ranged from 180-300 seconds
under "ideal" 0.7 arcsec seeing conditions. In most cases, I took pairs of frames at each visit to
an object. One visit to an object therefore required 8.7-12.7 minutes. For a crude estimate of
variability, one night of 6 visits takes 53-77 minutes per object. More detailed observations
require 105-153 minutes per object. Ten objects measured under ideal conditions for both the
preliminary and lightcurve steps take 26.3-38.3 hours of observing time on the sky.
However, unless the lightcurve observations are of binary objects for which one desires
to resolve the components, these observations can be obtained under less than ideal seeing
conditions at the cost of less precise photometry or more exposures to reduce the noise. Extra
images can be obtained on one object to increase its S/N at the expense of observing additional
objects. I reduced my data, at least in a cursory fashion, at the telescope to make as efficient use
of the telescope time as possible.
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DATA CALIBRATION
Bias and flat corrections were applied to all the raw images. MagIC has quad-amp
readout. It was found that the bias levels were more accurate when determined from a median of
the overscan region on each quadrant of the chip rather than from a series of bias frames taken at
the beginning or end of each night, the method used for LDSS-2. These values were then
subtracted from each pixel in their respective quadrants. The dark current was determined to be
negligible and no dark correction was applied (Figure 8), since both MagIC and LDSS2 are
sufficiently cooled, MagIC by a cryotiger, and LDSS2 with liquid nitrogen. Dome and/or sky
flats in each filter were collected during one night of each observing run, and individual frames
were combined in their respective filters to create master flats. The frames (2048x2028 arrays)
were divided by the appropriate flat, binned 2x2 if necessary, and saved as calibrated frames for
further analysis. If frames are binned, using a neighborhood averaging routine9, the resulting
array is 1024x1024. The gain of MagIC is -2 e/ADU' ° (by quadrant on 25 Oct 2003: LL, 1.991;
LR, 1.996; UL, 2.065; UR, 1.883). The gain of LDSS2 is 3.32 e/ADU in imaging mode.
9 Neighborhood averaging sums the pixels in a given part of a matrix. An example of
1 2 6 4
2 3 7 5 2 5.5
neighborhood averaging is given by a = 2 8 6. Binned 2x2, a = 7 5, and binned 3x3,3 4 8 6 4 7.5
4 5 9 7
a = 4.75.
'0 ADU - analog-to-digital unit. The output voltage from a given pixel converted to a digital
number. ADU is often used interchangeably with counts or digital numbers (DN). The amount of
voltage needed to produce 1 ADU is termed the gain of the device.
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Figure 7. MagIC bias characterization.
Plot of bias median counts versus time for each quadrant of the MagIC chip. The filled points are
the median of the signal region, and the open points (where they show up, many points overlap
the filled points) are the median of the overscan region. These two methods of bias calculation
yield nearly the same result, however it is evident that the bias value is time dependent. Therefore
we use the overscan region to define the bias for each frame rather than a master bias for the
entire night. The uncertainty on the bias level is about %.
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Figure 8. MagIC dark characterization.
Plot of median dark current versus exposure time in seconds for each quadrant of the MagiC chip.
The dashed line is a linear fit through the points and the solid line is a fit to the overscan-bias
levels on the same images. For exposure times up to 1200 sec the dark and bias levels are
consistent within the error bars. The slope of the fit is close to zero, which is what one expects if
the dark is to be considered negligible with increasing exposure time.
ASTROMETRY
In order to analyze specific sources on a field, and be confident that I am looking at the
right place in the sky, I perform astrometry on all my KBO frames. This process is accomplished
by employing the IDL routine, astrom, written by M. Buie at Lowell Observatory. This same
analysis is employed for all the KBO discovery and recovery observations of the DES. Figure 9
diagrams the astrometric reduction process, and Appendix B provides a checklist for the steps of
the pipeline. Fundamentally, it involves extracting the appropriate selection of stars from the
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i22.9±0.4)-(O.O1 6±0.001 )x.
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USNO A2.0 or USNO B 1.0 catalog, matching them up to the observed frame, and solving for the
transformation coefficients that allow translation of (x,y) pixel positions on the CCD frame to
(right ascension, declination; a,6) coordinates on the sky.
I begin with a trial plate scale and rotation angle, then interactively (visually) match up
two stars from the catalog list with two stars in the frame. Assuming the plate scales are the same
in both x and y coordinates, a two-star solution is determined. This solution is used as the
starting point for an n-star solution. A list of all the non-saturated sources on the frame are
extracted, and a linear least-squares fit is performed, matching the image and catalog sources.
The saturation level is defined by the user, and the centroid routine uses center of light
calculations for source locations. The result is a robust determination of the focal-plane scale and
the orientation of the CCD row-column coordinates relative to the celestial coordinate system.
From this solution, the center of the frame and the position of any object(s) of interest are
determined in celestial coordinates.
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Figure 9. Astrometry flowchart.
Detailing the astrometry routine, astrom.pro written by M. Buie of Lowell Observatory.
The method employed for astrometric reduction is described in detail by W. Smart
(1977), however, I outline the steps and equations below. Figure 10 diagrams the projections of
the system, AO is the optical axis, and AI, HI and C' are the projections of A, Hand C,
respectively, onto the celestial sphere. In order to relate the projected position of the celestial
sphere and the resulting ideal standard coordinates (~,YJ) on the CCO chip to the approximated
standard coordinates we measure (x,y), it is necessary to determine the plate scale of the CCO
and the orientation of the detector. The focallength,.t. of the telescope and the plate scale are
expressed as the ratio of the angular distance between two points in the celestial sphere to the
linear distance between two points on the detector surface. If <I> and e are angles as defined in
Figure 10 then,
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-= ftanqosin 
r = ftan cos 0
(8)
With these transformations, at least three reference stars with known positions, a known
tangential point and the measured standard coordinates, the linear plate model (described by
plate constants a-e and g) can be solved for:
x-x = a + b + c
r
-
y = d+e +g
(9)
Once the plate constants are obtained, the coordinates of the field center are updated. This
results in a new set of ideal standard coordinates (,q) and center coordinates (ra=ct*,dec=8*).
With updated center coordinates, the offsets between the starting position (the coordinates listed
in the header of the frame) and the actual center are known. New standard coordinates are
determined for the known standards, the plate constants are refit, and the standard coordinates of
the program object(s) are obtained:
tan(a-a*)=
cosb6 * -usin6 *
sin 6 * +r/cos 6 *
tan 6 = cos (a - a*).
cos 6 * * sin 
(10)
62
B"
A'
aF-a
90-8
0
Figure 10. Relation of CCD and tangent plane diagram.
Figures adapted from Smart (1977) and Taff (1981). AO is the optical axis, and A', B' and C' are
the projections of A, B and C, respectively, onto the celestial sphere. If B' is a star near A, its
projection is B" on the tangent plane. Any great circle projects into a straight line in the tangent
plane whose axes are defined as and q. Depending on how complicated the optics of a system
(the number of reflections in an instrument that cause distortions), and/or how wide a field of
view, different coefficients should be included in the astrometric fit. A full discussion of which
terms relate to which physical distortions are described in Taff (1981). A fit for all possible image
distortions includes 10 terms in the polynomial (we use the terms for our analysis of the DES
data): (1) constant (2) x (3) y (4) V(x2+y2) (5) x 2 (6) y 2 (7) x3 (8) y 3 (9) xy 2 (10) yx 2. In most cases it
is unnecessary to use all the terms, the linear fit uses just the first three terms (1-3).
A summary file of the KBO astrometry is generated for each night of recovery or follow-
up observations and submitted to the MPC. For binary observations, the position of the primary
is determined with the method described, however, additional image analysis is performed to
determine the precise location of the secondary component. The products of the astrometry
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routine are combined with the additional image analysis to determine the separation and sky
position angle of the secondary component.
PHOTOMETRY TECHNIQUES
Due to the faint nature of these objects, low S/N observations are not uncommon. Special
techniques have been developed to optimize the photometric extraction's for such faint objects.
The goal is to include as much signal from the object as possible, but as little signal from the sky
background as possible. As the aperture placed around an object expands past the full width at
hald maximum (FWHM) of the image, higher levels of background signal relative to the signal
from the object are included in the flux measurement. The smaller the aperture, the
correspondingly smaller the background contribution, however, the smaller the object
contribution as well. Aperture correction and Point Spread Function (PSF) fitting attempt to
respond to these requirements, and have become common techniques among the Kuiper belt
observing community. However, I have noted in my comparison of photometry databases, that
while uncertainties in published papers using these techniques are found to be between 0.01 and
0.1 magnitudes it is often unclear that measurements from various sources are consistent at this
level. This inconsistency could be due to a number of issues including physical object changes
over time, rotational effects, and unambiguous filter standards. No single effect is particularly
simple to disentangle from the other effects uniquely, at least among the datasets that exist today.
The measurement uncertainties involved in faint object photometry include: (1) sky-
background photon noise, (2) error in sky-background estimation, (3) object photon noise, and
(4) readout noise. Additionally one may be able to quantify the contamination of an object by
faint background sources by measuring the exact location of where the target was once it has
moved in the field. The exclusion of a background source is not a difficult measure to make;
however, since KBOs move very slowly it may require an observation of the field on a different
night. The classical method of photometry uses an aperture 4-6 times the FWHM of the image,
and is sky background limited when applied to faint objects. For star measurements, multiple
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observations from a night can be co-added to combat the noise. However, KBOs are constantly
moving with respect to background sources, so this method requires extra caution.
To combat the effect of the sky background limit when measuring faint objects, Howell
(1989; 1990) introduced the idea of aperture correction using "growth curves". The "growth
curve" helps one to determine which reduction method is optimal given the characteristics of the
data. The curve is a plot of the sky-subtracted source flux versus the aperture size, and is created
for bright stars on the KBO frame. The average of these curves defines what aperture to use for
the correction. The shape of the curve depends on the seeing profile in the frame and is therefore
unique for each frame. The sky-background photon noise uncertainty is effectively replaced by
the uncertainty in the magnitude correction, where the latter is smaller than the former.
In practice, this aperture correction can be applied using ratios. Figure 11 illustrates two
apertures, a small (r,) and large (r2) one. The small aperture should be slightly larger than the
FWHM of the image, while the large aperture is what one would use for classical photometry.
Five to ten "secondary" stars on the KBO frame are measured using both apertures while the
KBO is measured with only the small aperture. The standard stars for a given night are measured
with the classical aperture. The KBO signal is "aperture corrected" (added) to the classical
aperture by calculating a ratio of the secondary star signals between the two apertures and adding
the delta magnitude to the KBO (small aperture) measurement. This correction is about
Am=0. 1-0.2 magnitudes depending on the seeing of the field. The uncertainty in the final
magnitude measurement is then a combination of the sky background uncertainty, crB, and the
dispersion of the measurement of the field stars, rm:
m, =VerB 2 + r2m
(11)
Since both images are on the same frame, the magnitude difference between the KBO
and the secondary standard should be unaffected by seeing variations, tracking errors, variable
clouds or focus problems.
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Figure II. Comparison plot of signal sample regions for photometry techniques.
The scattered points are the data, the curve is a Gaussian model PSF fit to the data (sometimes a
Lorentzian model is used), and the green and blue dashed lines denote the small and large
apertures respectively for the aperture correction and large aperture fitting methods.
Point Spread Function (PSF) Fitting
The more sophisticated application of the growth curve is point-spread function (PSF)
fitting. It is computationally more intensive, but in principal gives the best result. The basic idea
is to model the bright stars on the KBO frame with some mathematical function, generally a
Gaussian or Lorentzian (curve in Figure 11), and to assume this PSF for extracting the KBO
signal. This PSF is unique to the image, and in a small field of view it is reasonable to assume
that the PSF for all the objects in the field fit the same profile. This method has an additional
benefit of being able to separate partially combined images as demonstrated by Buie & Grundy
(2000) in their reduction of HST/NICMOS spectra of Pluto and Charon.
Synthetic Images
In order to determine the effectiveness of the PSF fitting method, I created a set of
synthetic images with which to apply the same analysis methods applied to real images. Since
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my analyses consist of fitting both single and binary objects, I created images with binary
parameters and adjusted the spacing of the two sources. When the separation is small compared
with the seeing (quantified below), the result is as expected for a single source.
The input parameters for the synthetic images, recorded in Table 3, were defined to
sample a range of possible observing conditions. In addition to the binary, a field star about a
magnitude brighter than the KBO was also placed in the image. A circular Lorentzian PSF model
(Bosh et al. 1992), Equation 12, was employed to generate the sources. The inputs to this model
include: (1) so, the peak signal in the image, scaled for various conditions such that the
magnitude of the source under different conditions did not change, (2) d, the image diameter in
pixels, (3) xO and yo, the row and column coordinate points of the source of interest, (4) x and y,
the row and column coordinates for each position where the model is evaluated within a radius of
d/2 and an annulus of 27u centered at (xo,yo), and (5) p, the "shape index", a value of 3.1, derived
from fits of on-sky images:
s(x,y) - s
I +[ 4(x 0)2 +(y y-o)2]
(12)
The sum of all values of s(x,y) is the instrumental flux, F;, of the source of interest
d
F= 2 2s(x,y).
(13)
The flux can be converted to instrumental magnitude by Equation 14, where t is integration time,
and C is a constant applied so that the instrumental magnitudes, m; are positive,
m = -2.5 log( -) + C.
(14)
An rms noise of 75, slightly better than most on-sky data, was added to the synthetic images in
all cases assuming a plate scale of 0.138 arcsec/pixel (a binned MagiC frame). The results scale
respectively for different plate scales such that if the plate scale is doubled or halved the
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separation increases or decreases by a factor of 2 respectively. The seeing responds
correspondingly for a fixed peak signal.
TABLE 3. SYNTHETIC IMAGE CHARACTERISTICS
Filename Binary Seeing Ratio of Seeing: Peak
Separation Binary Sep (counts)
arcsec pixels arcsec pixels
BinarylmageA 1.075.fits 1.0 7.7 0.4 2.9 0.4 36012
BinaryImageA2.075.fits 0.51 3.7 0.4 2.9 0.78 36012
BinaryImageA3.075.fits 0.23 1.7 0.4 2.9 1.74 36012
BinaryImageC2.075.fits 0.51 3.7 1.2 8.7 2.35 4000
BinaryImageB3.075.fits 0.23 1.7 0.7 5.0 3.04 12115
BinarylmageD2.075.fits 0.51 3.7 1.8 13 3.53 1792
Outline of PSF Fitting Process
A three-fold photometric approach was adopted for image analysis depending on the
quality of the data. Figure 12 presents a flow chart of this process, and Appendix C provides a
checklist for the steps of the pipeline. In all cases the calibrated data were analyzed in IDL using
the routine ccdphot written by M. W. Buie, and described in Buie & Bus (1992). The routine
interactively measures the location and brightness of any object on a given image with user
defined circular apertures for both the object and sky background. The signal measurement
includes all the signal from pixels inside the aperture, and for pixels on the edges, only the signal
from the fraction of the pixel inside the aperture. Contaminated pixels (field stars, cosmic ray
strikes or bad pixels) are discarded and are not replaced; this number is small. The uncertainty on
this measurement is computed assuming that the photon noise dominates the object signal above
the background. These uncertainties are reliable assuming that the flat correction is not too large,
and that one knows the gain of the system. The computation of the sky signal and its errors is
calculated by a robust mean" of the area enclosed in combination with statistical computations,
" The robust mean is determined by computing the average, average deviation, standard
deviation, variance, skew and kurtosis of the data. The data is then searched for outliers which
are removed and the statistics are recomputed. The process is continued until either no outliers
are found or if the removal of outliers has a negligible effect on the statistics.
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and works well as long as the sky annulus is sufficiently large. The uncertainty of the
background includes scatter caused by sky noise, flat fielding noise, and CCD readout noise. It is
computed as the standard deviation of the sky pixels left after outliers are removed.
Two passes are made with this routine, the first is with an aperture radius about equal to
the FWHM of the image to allow the centroiding routine to center on the correct source.
Measurements with this method are made for the field star and the primary component of the
binary or single KBO. A second pass fixes the position of the sources and employs a radial
aperture 3 times the FWHM to determine the instrumental magnitude of the sources. For a binary
this instrumental magnitude is the combined light of the primary and secondary, centered on the
primary. Position measurements, and instrumental magnitudes from each pass are saved to log
files.
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Figure 12. Flow chart of image photometry pipeline.
The subscript of "a" indicates a result derived from the aperture photometry while a "p" indicates
a result derived from the PSF fitting.
The results from the second aperture photometry pass are the input for a Mathematica™
notebook designed to PSF fit the star image(s), and separately fit the components of a binary or
single KBO. The notebook reads in the positions of the identified sources, extracts a sub-frame
from the full frame, and fits each source with the circular Lorentzian PSF model given in
Equation 12. In the star fits, all the PSF parameters are allowed to vary, including: measurement
of the background sky level, the row and column position of the star, the peak signal of the star,
and the two parameters of the PSF model: image diameter and the "shape index" that describes
the shape of the PSF. If there are multiple field stars on the image, each star is modeled
independently. A plot of image diameter versus shape index for all the field stars is made to
choose a consistent set of stars to be combined in the PSF fit with the (binary) KBO. In a
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combined fit, the PSF of the brightest field star(s) will most significantly influence the shape of
the PSF while the ratio of the signals will optimize the source extraction for the KBO(s).
Once a consistent set of stars is chosen, one of three paths may be taken for fitting a
binary image depending on the quality of the data. In all cases, the parameters for the PSF as
well as the positions and signal ratios of the included field stars are allowed to be determined in
the fit. First, if the secondary image is clearly resolved then all the parameters are fit, the ratio as
well as the row and column offset of the secondary component to the primary, to determine their
best solutions. In some cases, the ratio of interest is that of the secondary to the primary. In other
cases, it is the ratio of both the primary and secondary to a field star; when absolute photometry
can be completed, the latter ratio should be used. Absolute photometry is required to determine
the variability of both components of a binary independently or as a combined fit between nights
that do not share the same field stars.
In the event that a secondary is discernable but not clearly resolved, the position of the
primary, the field stars and PSF parameters are fit. The position of the secondary relative to the
primary is fixed based on the predicted position of the secondary from either the orbit solution if
it is available or a handful of resolved images on the same or adjacent night. The PSF signal is
extracted at this position. It is important that the conversion to instrumental magnitude is based
on the instrumental magnitude determined from the large aperture photometry for a non-varying
field star, not from the instrumental magnitude of the binary itself. This requirement is because
the large aperture photometry of the binary will likely include the combined light of both the
primary and secondary, in addition to any variability inherent in the binary system. In the case
where the components are not resolved, and the seeing disk is poor enough that the object is not
elongated, the pair is best fit as a single source.
Fitting Results
The results of the fits on the synthetic data are presented in Table 4 and Table 5. Fits 1, 2
and 4 are based on ratios of the fitted components to the field star while fit 3 ratios both the
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secondary component and the field star to the primary component of the binary under the
assumption that the primary component is not measurably variable. Notice that for all the fits
where the sources are correctly modeled, the residuals are -75, about what we input, and the
combined magnitude of the binary components is 17.2, consistent among the good fits at the 0.1
magnitude level or better. The residual images are displayed in Table 6. As expected, objects that
are clearly resolved are poorly fit with a single source model. If the position of the secondary is
nominally fixed with respect to the primary, and the fit is done relative to the field star or the
primary, the sources are correctly identified, and the magnitudes are consistent with those from
the dual-source fit where they overlap. However, when fitting the closest binaries where the
position of both the primary and secondary are allowed to vary, the fit sometimes becomes
confused about which source is which.
TABLE 4. INSTRUMENTAL MAGNITUDE RESULTS FOR SYNTHETIC IMAGES
Ratio of Seeing: 0.4 0.78 1.74 2.35 3.04 3.53
Binary Sep
File A 1 A2 A3 C2 B3 D2
Dual-Source Fit
_ M____ 17.62+0.01 17.61+0.05 18.57+0.05 17.59±0.11 -- 17.43+0.22
ms 18.51±0.01 18.49±0.01 17.59+0.02 18.60+0.25 -- 19.3+0.9
_ m__ _ a _17.22±0.01 17.21-+0.01 17.22+0.02 17.23+0.10 -- 17.26+0.10
residual 75.68 75.02 74.22 73.34 -- 74.50
Dual-source Fixed (relative to field star)
me 17.62±0.01 17.60±0.01 17.55±0.01 17.55+0.03 17.55±0.03 17.50±0.09
_ m_s 18.51 +-0.01 18.50+0.01 18.66+0.02 18.70+0.10 18.66±0.08 19.03+0.36
mca 17.22+0.01 17.21+0.01 17.22+0.01 17.23±+0.04 17.22±0.03 17.26_+0.10
residual 75.67 75.08 74.25 74.35 74.86 74.49
Dual-source Fixed (relative to primary)
mp 17.62+0.01 17.61_0.01 17.59_+0.01 17.59_-0.06 17.69±0.09 17.50_+0.15
_ Ms -_ 18.50±0.01 18.49±0.01 18.55_+0.04 18.60_+0.22 18.35+0.24 18.99±0.61
mca 17.22±0.01 17.21±0.01 17.22±0.02 17.23+0.08 17.22-0.10 17.26±0.17
residual 75.67 75.02 74.22 74.35 74.85 74.49
Single-source
mc 17.61±0.01 17.50±0.01 17.31±0.01 17.28_+0.01 17.25±0.01 17.28±0.02
residual 112.09 108.07 80.63 74.63 75.23 74.51
a primary and secondary magnitudes combined by equation 29, not a direct result of fitting.
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TABLE 5. POSITION RESULTS FOR SYNTHETIC IMAGES
Ratio of Seeing: 0.4 0.78 1.74 2.35 3.04 3.53
Binary Sep
File Al A2 A3 C2 B3 D2
Dual-Source
P-col 130.99 131.01 129.26 130.86 -- 130.35
P-row 129.99 129.99 130.17 129.9 -- 130.08
Acol 7.71 3.75 -1.71 3.7 -- 4.36
Arow -0.18 -0.21 0.17 -0.76 -- 1.12
Dual-source Fixed (relative to field star)
P-col 130.99 131.00 130.94 130.8 130.93 130.48
P-row 129.99 129.99 130.00 130.03 130.03 129.93
Acol 7.72 3.82 1.79 3.89 1.8 3.85
Arow -0.2 -0.21 -0.21 -0.21 -0.23 -0.07
Dual-source Fixed (relative to primary)
P-col 130.99 131.01 130.98 130.87 131.07 130.48
P-row 129.99 129.99 130.0 130.04 130.02 129.9
Acol 7.7 3.7 1.7 3.7 1.7 3.7
Arow -0.2 -0.2 -0.2 -0.2 -0.2 -0.2
Single-source
col 130.97 130.77 130.57 129.93 130.49 129.78
row 129.99 130.00 130.04 130.1 130.09 129.93
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A3 1.74
File Seeing:
Binary
Sep
Al 0.4
A2
C2
83
D2
0.78
2.35
3.04
3.53
TABLE 6. RESIDUAL PLOTS FROM SYNTHETIC IMAGE FITS
Binary Source Residuals of Fits
Image Dual-source Dual-source Dual-source
fixed fixed
(field star) (primary)
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Single-source
With respect to the centroid positions, the primary component of the binary was
nominally placed at coordinates (130.0, 130.0), and the secondary at (130.2, [128.3; 126.3;
122.3 J) for separations of 1.7,3.7, and 7.7 pixels, respectively. Notice in the case of single
source fitting of the centroid for the combined light, the result is within 1.0 pixel of the nominal
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position of the primary, influenced more strongly in the column coordinate as the separation
increases. With respect to fitting the secondary as a fixed source, the residuals of the fit are
slightly smaller if calculated relative to the primary component rather than relative to a field star.
Overall, the results fall into three regimes determined by the ratio of seeing to binary
separation (both measured in arcseconds): (1) ratios < 2.0, (2) ratios 2.0-3.0, and (3) ratios >3.0.
Observations in regime 1 are used for binary orbit analysis. Observations in regime 2 are
primarily used for resolved lightcurve analysis, and to place limits on binary separation for orbit
analysis. Observations in regime 3 are used for combined light analyses, and single component
KBO analysis.
At a later date, it was determined that weighted fits yielded better results than the original
unweighted fits. Weighted fits reduce the error bars, (by -0.005 magnitudes for single object
fitting and by -0.01 magnitudes for binary fitting) for values in the fits, but do not substantially
change the values of the fitted parameters themselves. In comparing results (from actual images)
among the three methods of photometry, the magnitude uncertainty for the classical, aperture
correction, and PSF fitting are 0.1, 0.07, and 0.04 magnitudes, respectively.
Magnitude Calibration
Within this thesis, some objects have been absolutely calibrated photometrically, while
other objects have only been analyzed using relative photometry. For objects linked across
nights outside of the same fields, absolute photometry was necessary, and airmass-extinction
corrections were applied, followed by geometric magnitude corrections for appropriate
interpretation.
An airmass-extinction curve was fit to data collected on photometric standard stars taken
on each night of KBO observation. This curve is determined by plotting instrumental magnitude
minus catalog magnitude, mrn-m, versus airmass, Xi, and fitting the points to a line where m is
the y-intercept at an airmass of zero, and k is the slope of the curve,
mi - n, = M + k(Xi).
(15)
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Table 7 lists the UT night of observation, the airmass range AX over which the standard star
observations were obtained, the airmass-extinction k (error on this value is ok), and offset values
mz (error on this value is armz) for each of three filters (Sloan r', Sloan i', and Sloan g'), the
seeing of the observations, and the standard stars that were observed. Star magnitudes can be
found in Table 8 of Smith et al. (2002). Sample extinction curves, on a photometric and non-
photometric night are found in Figure 13.
TABLE 7. AIRMASS-EXTINCTION RESULTS
UT Date AX Sloan r' Sloan i' Sloan g' Seeing Standard Stars Used
k; mza k; mZ k; mza (")
2001-6-12 1.2-2.0 0.098±0.002; 0.054±0.001; 0.170+0.002; 1.0 109_381
-2.284+0.003 -1.859+0.002 -2.051±0.004
0.143±0.003;
-2.197±0.004
2002-7-13 1.10-1.35 0.357_+0.007;
-1.617_+0.009
2002-7-18 1.05-1.3 0.212+0.006;
-1.501_-0.007
20034-22 1.15-1.6 0.054_+0.006;
-2.170_+0.008
20034-23 1.2-1.4 0.16±0.02;
-1.94_+0.02
20034-24 1.15-1.22 0.14±0.03;
-2.30±0.03
2003-4-25 1.3-1.38
Not photometric
Not photometric
0.087±0.003;
-1.804±0.004
0.511+0.005;
-1.444+0.006
0.016+0.008;
-1.79+0.01
0.40±0.02;
-2.34+0.02
0.27+0.05;
-2.10+0.05
Not photometric
0.251_-0.003;
-1.910_+0.004
0.302_+0.007;
-1.175-0.009
0.053±0.007;
-1.926±_0.009
0.03_+0.02;
-1.95+-0.02
0.13_±0.05;
-2.06±0.06
20034-26 1.15-1.3 0.11_±0.01; 0.18_+0.02; 0.37±0.02;
-3.79_±0.02 -3.54±0.02 -3.84+0.02
2003-8-3 1.15-1.2
2003-9-3 1.15-1.55 0.04_+0.03;
-0.64_+0.04
2003-9-4
2003-9-6 1.05-1.35 0.07+0.01;
-2.53_+0.02
2003-10-23 1.15-1.45 0.051_+0.003;
-3.111_+0.004
2004-2-22 1.25-1.32 0.32_+0.07;
-3.92_+0.09
2004-5-25 b 1.1-1.7 0.094±0.002;
-1.449_+0.002
Not photometric
Not photometric
0.7 109_381,109_ 537
0.8 PG1323-086C
1.1 PG1323-086D;
107_351;
PG2335+004B
0.65 PG1323-086D,
109_381
0.75 PG1323-086D,
109_381
0.5 PG1047+003A,
G163_50, 104_428
0.8 PG1047+003A,
G163_50, 110_232
0.8 110_232
0.8 PG1047+003A,
G163_50, 104_428
1.0 PG1047+003A,
G163_50, 104_428
1.1 G93-48;
PG2336+004B
1.8 MarkA (1,2,3)
1.2
0.9
MarkA (1,2,3)
MarkA (1,2,3)
0.7 PG2336+004B
0.21_+0.04;
-3.49_+0.05
0.052_+0.001;
-1.118_+0.002
0.36_+0.08;
-3.80+0.10
0.166_+0.002;
-1.209+0.002
1.0
0.7-1.0
RU 149F
PG1323-086D;
107_351;
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2001-6-13
2002-7-11
2002-7-12
1.1-1.4
1.05-1.25
1.05-1.35
UT Date AX Sloan r' Sloan i' Sloan g' Seeing Standard Stars Used
k; mza k; mza k; mza ( )
MarkA (1)
2004-5-26 1.1-1.5 0.042+0.003; 0.08+0.01; 0.234-+0.005; 1.1 MarkA (1)
-1.410+-0.004 -1.21+0.02 -1.004+0.006
2004-5-27 Not photometric 1.0
2004-5-29C 1.1-1.45 0.13±+0.02; 0.05-+0.02; 0.13±0.04; 1.4 PG1047+003A;PG13
-1.50+-0.02 -1.18+0.02 -1.19+0.05 23-086D; MarkA (1)
2004-8-22C 1.2-2.0 0.089+0.005; 0.064+0.003; 0.153±+0.005; 0.9 G93_48,
-1.366+0.008 -1.105+0.005 -1.179+0.008 PG2336+004B
2004-9-13 1.1-1.4 0.11+0.01; 0.06+0.01; 0.4 110_232, G158_100
-3.14+0.01 -2.79+0.01
a k is measured in magnitude per airmass and mz is measured in magnitude
b This night alone was used for the calibration of data for 88611. A non-varying star on the same
frame as 88611 was calibrated and employed for all other photometry of this object on this run in
an effort to minimize uncertainties, and to best link the lightcurve data together.
VR filter calibration: 2004-05-29, k = 0.12±+0.07 and mz=- 1.48-+0.09.
2004-08-22, k = 0.108±+0.008 and mz=-1.3 9 +-0.01.
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Figure 13. Sample extinction curves.
(left) Sample "good" extinction curve from the night of 2004 August 22 for the VR filter. Notice
that the data points spread a range in airmass and vary little in delta magnitude, and the scatter in
the individual points collected at any one time is small. The solid line is the linear fit to the
points, and the coefficients for the line are given on the right-hand side of the plot. The
correlation coefficient is on the order of thousandths of magnitudes. (right) Sample "bad"
extinction curve from the night of 2001 June 13 in the Sloan r' filter. Notice that the data points
are clustered around a very small range in airmass and scatter in delta magnitude space by nearly
0.7 magnitudes. The scatter in the individual points collected at any one time is much larger than
the the formal uncertainties. Scattered points are expected on a non-photometric night, the
magnitude of the standard star at any one time is well known, but consecuative observations may
not be consistent depending on the conditions. Additionally, the same star measured at two
different airmasses may give a negative extinction coefficient (illustrated in the figure by points
from the star SA109537). The negative coefficient says that objects became fainter as they rose
in the sky, the opposite of what should happen if the sky is photometric. The correlation
coefficient is on the order of magnitudes.
Once extinction values were determined, the instrumental magnitudes, mi (error on this
value is ar), were converted into photometric magnitudes, mo (error on this value is armn), by the
equation:
MO= - (m: + kX), and
2 2 2 2 2 Ur - C=i+m + k + i covCm., k)r r,.
(16)
78
.6 .I ) --OII3
where it was appropriate to do this calibration. On average, ai 0.04 -0.1, Ur 0.003- .02,
ark 0.001 - 0.02, and 2Xi cov(m,:,k)arm oark 0.005 magnitudes.
These calibrations are straightforward to apply; however, determining that the data were
taken under photometric skies is not. Standard stars are difficult to observe with a 6.5-m
telescope, and good seeing, because they can saturate the detector very quickly. The better the
seeing, and the better the sky, the quicker they saturate. One technique is to defocus the standard
star so that its light is spread over a larger number of pixels. Another technique is to back
calibrate the data on another night. This same calibration must also be done if a night is not
photometric. For lightcurve work in particular, it is possible to use other stars on the field of the
KBO that are non-variable ("field standard stars") to test the stability of the sky over time, and
also to back calibrate the field if necessary. A plot of the instrumental magnitudes of these stars
should give a very accurate airmass-extinction value on a photometric night, and determination
of the absolute magnitude of these stars will allow photometry to be calibrated for a non-
photometric night.
The magnitudes of field standard stars, mFSTD, are calculated with equation 16. If multiple
observations are available for a field standard on a photometric night then a calibrated magnitude
is determined for each observation, and the results are averaged. The quantity of interest for
calibrating the non-photometric night is the difference between the instrumental and calibrated
magnitude of the field standard for each frame observed. The airmass difference between the
field standard and the KBO or other field stars is effectively zero because they are measured at
the same time in a very small region of sky. Therefore, the airmass term of the magnitude
equation is zero and our equation, where Am is different for each frame, becomes,
m i,FSTD - mFSTD - Am.
(17)
The appropriate Am is subtracted from the instrumental magnitude of each object on a
frame to give calibrated magnitudes,
mo = m - Am.
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(18)
If back-calibration is not possible, one can determine an approximate magnitude for the
field standard stars by using their USNO-A2.0 or B 1.0 catalog magnitudes. Since these
magnitudes are only good to between 0.1-0.3 magnitudes, the formal uncertainties or precision
of the measurements can be quite small (0.03-0.05 magnitudes), but the uncertainties with
respect to the true apparent magnitude of the objects are somewhat larger.
Next, the magnitudes are light-time corrected. This correction accounts for the changes in
object brightness due to geometric effects (described earlier) that are known, and can be
removed. The reduced magnitude, defined as the magnitude of the object reduced to unit
distances from the Sun and Earth, becomes:
mr = mo - 5 logrA + fla, and ar = a 2
(19)
where the phase correction coefficient is =0.14 mag/° (Belskaya et al. 2003).
The light time lag is accounted for in Equation 20 by offsetting the observation time, t,
by the amount of time it takes light (c=2.99x108 m/s) to travel from the KBO to the Earth, A/c.
For a KBO at 40 AU this is about 6 hours:
tc = t - /c.
(20)
I employed the following judgments when analyzing the data included in this project.
Whenever necessary I absolutely calibrated data - this calibration was done for the data collected
for orbit work, for the long term lightcurve work on 88611 (200QT297), and for the preliminary
work on other binary lightcurves. In my search for large amplitude lightcurves among the KBO
population, I employed relative photometry by differencing the observed KBO and a non-
variable star on the same frame then subtracted the mean of the remaining range to normalize the
results around zero. Relative photometry is more precise than absolute photometry for these
analyses.
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CHAPTER 6: LIGHTCURVES - PROBING FOR BINARY KBOS
The rotation rate relates to the rotational angular momentum of a body. It is changed
through collisions, and other evolutional processes. Most asteroids are found with rotations close
to principal-axis (lowest energy state) rotation as the damping timescale is much shorter than the
timescale of events that cause excitation (Pravec et al. 2002). There is no reason expect that
KBOs are not also in principal-axis rotation. While we cannot directly measure the angular
momentum vector, recording the lightcurve of an object over time (many years) allows one to
determine the spin vector. From these measurements the moment of inertia can be estimated
based on the object's shape, size, and bulk density. The lightcurve of an object at any one time
reveals how fast that object is rotating, and the amplitude of the lightcurve is often used to
determine an object's elongation, or relative shape as discussed in Chapter 2. An object's size can
be estimated by measuring the object's magnitude and assuming an albedo or it can be measured
directly with simultaneous visual and thermal observations or occultation observations with
multiple cords. The lightcurve of a KBO is a straightforward measurement to obtain - observe an
object over a period of time and compare its magnitude to non-varying stars in the same frame.
One of the original designs of this project was to investigate the lightcurves of KBOs
discovered by the DES over a range of magnitudes. With Sheppard et al. (2001; 2002; 2003)
already observing the brightest KBOs with the UH2.2m, I wanted to observe a different sample
of objects. I also wanted to explore the possibility of using photometry from our DES
observations to gain insight into which objects might be more interesting to observe - the ones
more likely to have measurable lightcurves. We took two, and sometimes three, observations of a
KBO during our discovery runs. During this time the KBO is among a single field of stars and
the magnitude of the object is calculated with respect to the photometry of 35 or more USNO
A2.0 or B 1.0 astrometric standard stars. While the absolute magnitude scaling of the object itself
may be uncertain by 0.1 to 0.3 magnitudes, the relative point to point magnitude precision from
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the photometry should be small. The same network of stars is used in each frame, so the relative
magnitude should be a decent indication of the object's variability on a 2-3 hour timescale.
OBSERVATIONS
Observations were acquired for 33 KBOs to look for objects with variability that would
merit further study. These objects were observed in either the Sloan r' (center X=6254A,
passband FWHM 1388A), or Harris R (center X=6300, passband FWHM 1180A) filter on
MagIC and LDSS2 respectively for -5 hours on one night. One object was observed with MagIC
in the VR filter only. Twenty of these objects were also measured for color information in Sloan
r',i', and g' filters when they were highest in the sky. Analysis of the color data is beyond the
scope of this thesis. Two additional objects, Centaurs 8405 Asbolus and 7066 Nessus were
observed for color lightcurve information for a separate project. The purpose of observing 8405
Asbolus was to further investigate my claim in 2000 that this object has an inhomogeneous
surface, detected in HST/NICMOS observations (Kern et al. 2000). There was no knowledge of
whether 7066 Nessus might be color variable, but since it was up at Magellan at a similar time as
8405 Asbolus, the data were collected in parallel. I include these analyses here for comparison
with the DES observations since they were acquired with the same system at Magellan, and give
a sample of lightcurves for objects that are closer to the Sun than most of our DES objects. With
respect to dynamical classification, 4 Centaurs, 15 Resonant, 3 Scattered, and 12 Classical
objects were observed.
Targets were selected by a set of criteria: (1) objects discovered by the DES, (2) brighter
than 23.0 magnitude (in the R filter), and (3) visible from Magellan for 5-6 hours. This list was
prioritized by looking for correlations with objects in the DES suspected to be binary in studies
by Eddy (2002). Eddy's work used an elliptical point spread function fitting technique, similar to
that described in Chapter 4, to search for KBOs that might show elongation in the discovery
images. By observing these objects I was able to look for duplicity under a variety of seeing
conditions with our high-resolution camera in addition to looking for measurable lightcurves.
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Unfortunately, none of Eddy's (2002) proposed systems have yielded the discovery of secondary
components to date.
Images were analyzed, at least in a cursory fashion, at the telescope, and if an object
showed variation on the first night of observation it was tagged as an object to observe again on a
subsequent night. Within a short time, I realized that the shear number of hours required to get
lightcurves for all the available objects, even just those that showed variability, was beyond the
scope of a thesis. Therefore the following discussion concludes with a list of objects that appear
to have measurable lightcurves from the initial investigation. Where enough data were collected
to attempt period fitting, these results are reported. Because one of the first lightcurves I obtained
was a resolved lightcurve on a binary object, 88611, I decided to focus my detailed lightcurve
work on the binaries. The Magellan and MagIC system often allow for measurement of resolved
lightcurves as well as the combined light of these systems. These results are reported in Chapter
7.
For the non-binary KBOs, Table 8 lists the date, number of exposures, duration, and filter
of observation, the distances from the Sun and Earth, phase angle, the expected R magnitude at
the time of observation, and the object's dynamical classification. The last column gives the
variation in magnitude from the DES discovery records. Data were collected under a variety of
weather and seeing conditions. Individual exposures aimed for a signal to noise of 20 (an
uncertainty of 0.05 magnitudes); however, in some cases this accuracy was not achieved. Since I
was most interested in determining if an object was variable, and at what level, I reduced the data
with respect to on-chip stars to minimize the uncertainties.
TABLE 8. LOG OF OBSERVATIONS FOR KBOs VARIABILITY
Object UT Date No. At Filtersa r A a MR Class Am
(20XX) Obs. (hr) (AU) (AU) (°) DES
7066 010612 10,10 8.03 r',i' 16.48 15.56 1.57 21.45 CN --
8405 010313 2,2,2, 2.57 r',i',g', 7.31 7.37 7.75 17.81 CN --
2,2,2,3 z',V,I,B
010314 12,12,12, 1.88 r',i',g', 7.31 7.35 7.77 17.81
12,12,12 z',V,I
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Object UT Date No. At Filtersa r A a MR Class Am
(20XX) Obs. (hr) (AU) (AU) (0) DES
010315 12,12,12, 1.87 r',i',g', 7.30 7.33 7.79 17.80
28978
(2001KX76)
38084
(1999HB12)
54598
(2000QC243)
69986
(1998WW24)
69990
(1998WU31)
82158
(2001FP185)
1998WX24
87555
(2000QB243)b
(88268)
2001 KK76b
20000K67
20000J67b
20000N67b
2001KG76
2001KJ76b
2001KN76
2001KU76b
2001KY76
2001KA77
2001 KC77b
2001KD77
2001KG77
010612
010613
020711
020718
030421
020711
020718
031023
031024
031023
031024
030426
031023
020710
020718
020710
020711
020710
020710
020718
020711
020710
030421
030426
020710
030421
030426
030427
020710
020710
030423
030425
020710
020718
020710
020718
020711
12,12,12
56,28,28
46,44,44
19
21
9
9.67
2.68
5.05
4.55
4.63
10 3.48
24 4.88
8 2.3
9 1.42
8 2.68
6 0.88
6 4.7
10 2.18
15 5.35
30 7.0
13 3.95
16
14
14
12
12
10
11
21
10
10
15
12
6
6
6,3,6
19,12,12
10
14
6
19
6
4.77
5.37
5.37
4.0
5.05
3.7
5.27
6.15
3.4
5.17
4.02
5.53
4.03
3.97
2.57
5.98
2.91
4.31
4
2.35
3.77
z',V,I,B
r',i',g'
r',i',g'
PR
r'
r'
PR
r'
r'
r'
r'
r'
r'
7.16
7.16
43.08
43.08
34.39
19.17
19.17
31.92
31.92
33.20
33.20
34.26
r I 45.12
PR 19.29
r' 19.31
PR 41.22
PR
PR
PR
r I
PR
PR
r'
r'
PR
r'
r'
r'
PR
PR
r',i',g'
r',i',g
PR
r'
PR
r'
PR
40.72
42.61
44.24
44.24
44.24
42.60
40.49
40.49
38.45
38.39
38.39
38.39
38.76
48.84
48.78
48.78
35.43
35.43
35.31
35.31
34.74
6.20
6.20
43.32
42.41
33.42
18.56
18.47
31.07
31.06
32.34
32.33
33.41
44.698
18.444
18.392
41.43
40.00
41.78
43.62
43.52
43.49
41.88
39.49
39.48
38.08
37.40
37.39
37.38
37.93
48.05
47.99
47.97
34.73
34.84
34.49
34.59
34.01
3.01
2.97
0.90
1.03
0.44
2.47
2.24
0.94
0.91
0.90
0.87
0.90
1.13
1.69
1.33
0.87
1.02
0.81
1.04
0.92
0.91
0.98
0.16
0.07
1.42
0.27
0.14
0.12
0.87
0.75
0.74
0.69
1.22
1.35
1.00
1.17
1.18
17.14
17.14
19.25
19.27
22.20
20.23
20.20
22.23
22.23
22.90
22.90
21.10
22.79
20.65
20.61
22.06
21.57
21.77
22.16
22.14
22.07
22.56
21.64
21.62
22.24
22.07
22.05
22.05
21.67
21.51
21.50
21.50
21.84
21.86
21.20
21.22
23.19
3:2e
5:2e 3
CN
0
0.5
0.3
3:2e 0.7
3:2e
SN
CL
CN
CL
CL
CL
CL
SE
7:4e 3
7:4e 3
CL
3:2e
CL
5:2e 3
3:2e
SN
0.4
0.1
0.1
0.1
0.4
0.1
0.1
0
0.1
0.1
0.3
0.1
0.2
0.1
0
0
0.2
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Object UT Date No. At Filtersa r A a MR Class Am
(20XX) Obs. (hr) (AU) (AU) (°) DES
2 00 1 QY2 97 b 020710 14 5.37 PR 42.58 41.64 0.52 21.09 CL 0.1
2001QB298b 030803 6 2.68 r' 39.37 38.40 0.45 21.67 CL 0.2
2001QD298 020711 14 4.13 PR 41.08 40.24 0.80 21.38 CL 0.1
2001RW143 031023 8 2.23 r' 41.59 40.62 0.31 22.20 CL 0.1
2001UQ18 031023 8 2.43 r' 45.22 44.33 0.57 22.56 CL 0.2
2002GP32 040528 6 3.44 VR 32.05 31.09 0.55 21.50 5:2e3 0.6
040529 33 3.12 VR 32.05 31.09 0.58 21.50
2002GW32b 020710 10 3.55 PR 37.60 37.16 1.40 22.38 5:4e 0.1
2002GY32 030421 11 5.37 r' 36.01 35.01 0.16 21.91 3:2e 0.1
2003FM127 030425 21 6.18 r' 43.29 42.28 0.06 22.63 - 0
030427 13 5.32 r' 43.29 42.29 0.10 22.64
2003FB128 030425 18 6.2 r' 32.02 31.02 0.16 20.81 3:2e 0.1
030426 21 6.17 r' 32.02 31.02 0.19 20.82
2003FC128 030425 6 0.83 r' 32.74 32.13 1.41 21.53 5:4e 0.1
030426 9 2.12 r' 32.75 32.14 1.43 21.53
2003FE128 030425 18 6.18 r' 36.11 35.10 0.13 20.57 2:le 0
a filters with a prime refer to the Sloan system.
b object was proposed as a potential binary from the Eddy (2002) study.
CN = Centaur, CL = Classical, SN = Scattered-Near, SE = Scattered Extended and N:Ne =
Resonant
DATA REDUCTION
All the images were bias corrected and flat fielded. Then 5-10 stars, in addition to the
KBO of interest, were measured on each frame using the methods described in Chapter 3. Two
ratios were then constructed based on the instrumental magnitudes: (1) the ratio of the KBO to a
comparison field star, and (2) the ratio of the comparison field star to all other measured stars.
The first shows the variation of the KBO, and the second confirms that the comparison field star
is not variable. In later analysis, if data were available on adjacent nights, a star that overlapped
both fields was chosen as the comparison. These ratios were then plotted versus time to
determine the possible variation of the object. Figure 14 gives a comparison of results between
the classical and PSF fitting. Notice that both panels show 2003FM 127 to be variable, but the
PSF fits give more consistent results.
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Figure 14. Sample of variability for 2003FM127 on 25 April 2003.
The plot on the left results from classical aperture photometry while the plot on the right results
from PSF fitting the images. The top panel plots the KBO in comparison to an on-frame
comparison star while the bottom panel plots that on-frame comparison field star in comparison
to another on-frame star to demonstrate that the variability in the top plot is due to the KBO not
the comparison star. Notice that the shape of the curve is about the same, but the points are more
consistent, and the curve better defined, when PSF fitting is employed. The error bars on the left
plot appear to be underestimated as the scatter in the points is larger than the uncertainties, the
error bars in the right plot are more representati ve of the actual variation.
TESTING VARIABILITY
Once the PSF fitting was completed and the data were reduced to their final magnitudes
(relative instrumental), the variable nature, and significance of the variability of each object, was
tested rigorously with the null hypothesis for random variation and the chi-square statistic,
following the model of Peixinho et al. (2002). In Equation 21, n is the number of observations,
mj.i are the relative or absolute magnitude values, m f.w is the weighted mean magnitude of the
observations, and 0.i are the corresponding uncertainties,
2 {-, (m f.i - -;;;:r
X=~ 2
i=1 Of)
(21)
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I assume the uncertainties in the measurements to be Gaussian and n to be sufficiently large,
although n is not large in some cases. With these assumptions the mean limiting distribution is
(X2 ) = n - 1 and the variance is Gr2 = 2(n -1). If X2 is within 3o of the mean limiting distribution,
then the hypothesis that the variation is simply random can be accepted. If it is greater than 3o of
the mean limiting distribution, then the variation can be attributed to real variation in the body. I
test this statistic for both the KBO and comparison star, and am interested in the case when the
star gives a null result while the KBO gives a statistically significant result. Table 9 gives the
results of this test for each of the observed KBOs including the UT date of observation, the
duration of observation in hours, the magnitude range of the KBO and the uncertainty in the
measurements, the x2 statistic for both the KBO and the comparison star and the filter of
observation.
Object
7066
8405
28978 (2001KX76)
38084 (1999HB 12)
54598 (2000QC243)
69986 (1998WW24)
69990 (1998WU31)
1998WX24
87555 (2000QB243)b
(88268) 2001KK76b
20000K67
TABLE 9. KBO VARIABILITY STATISTIC TEST RESULTS
UT Date At KBO KBO sigma sigma Filtersa
A. I I ourswsw ,I\ _ ___ _ r _ __ 2 r _ __ 2
(0UAA) (hfr) range
(mag)
010612 8.03 0.24
0.26
010612 9.67 0.23
0.19
0.22
010613 2.68 0.39
0.32
0.88
020711 5.05 0.05
020718 4.55 0.16
030421 4.63 0.42
020711 3.48 0.38
020718 4.88 0.40
031023 2.3 0.36
031023 2.68 0.36
031024 0.88 0.46
031023 2.18 0.29
020710 5.35 0.51
020718 7.0 0.36
Ym trom X- trom -
(mag) KBO Star
0.1 0.69 -1.7 r'
4.3
2884
1633
828
694
642
310
2.16
7.6
1.9
94
30.5
-1.1
-0.92
3.9
-0.5
10.9
52.3
0.1
0.005
0.005
0.005
0.005
0.005
0.005
0.01
0.02
0.07
0.01
0.05
0.36
0.18
0.13
0.13
0.06
0.05
020710 3.95 0.34 0.14
020711 c 4.04 0.60 0.50
-1.8
43
95
82
279
192
64
-0.86
-0.6
0.53
0.6
-2.0
-1.4
-1.87
-1.2
-1.8
-2.4
-2.7
-0.41 -1.6
-2.1 -2.0
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i
i'
9
g'
r?
.9i'
g'
PR
r t
r t
PR
r t
r t
r t
r?
r t
PR
r l
PR
PR
UT Date At KBO KBO
Object (20XX) (hr) range Gm
(mag) (mag)
20000J67b
20000N67b
2001 KG76
2001KJ76b
2001KN76
2001 KU76b
2001 KY76
2001KA77
2001KC77b
2001KD77
2001KG77
2001QY297b
2001QB298b
2001QD298
2001RW143
2001UQ18
2002GP32
2002GW32b
2002GY32
2003FM 127
2003FB 128
020710
020710
020718
020711
020710
030421
030426d
020710
030421
030426
030427
020710
020710
030423
030425
020710
020718
020710
020718
020711
020710
030803
020711
031023
031023
040528
040529
020710
030421
030425
030427
030425
030426
5.37
5.37
4.0
5.05
3.7
3.07
6.15
3.4
5.17
4.02
5.53
4.03
3.97
2.57
5.98
2.91
4.31
4
2.35
3.77
5.37
2.68
4.99
2.23
2.43
3.44
3.12
3.55
5.37
6.18
5.32
6.2
6.17
0.11
0.15
0.34
0.5
0.29
0.2
0.35
0.36
0.33
0.38
0.63
0.2
0.09
0.08
0.92
0.14
0.30
0.06
0.2
0.06
0.13
0.8
0.29
0.15
0.19
0.28
0.21
0.28
0.34
1.27
0.13
0.62
0.53
0.13
0.19
88
sigma
from x2
KBO
-0.94
-1.5
1.4
-0.97
10.8
0.47
5.02
1.5
5.2
4.3
22.4
0.85
-1.26
-1.13
54.1
-0.8
1.6
-1.0
-0.5
-0.82
0.23
28.3
18.3
-0.62
1.77
0.75
-0.42
-0.2
5.8
28.2
0.9
132
131
-0.64
2.16
0.04
0.08
0.07
0.3
0.05
0.06
0.06
0.11
0.07
0.07
0.07
0.10
0.09
0.07
0.05
0.06
0.10
0.03
0.07
0.03
0.05
0.07
0.04
0.08
0.05
0.10
0.07
0.13
0.07
0.34
0.04
0.03
0.03
0.03
0.03
sigma
from x2
Star
2.9
-0.85
-1.9
-2.2
-1.57
-1.54
-2.8
-1.6
-1.8
-2.5
-2.0
-1.5
-1.67
-1.56
-3.1
-2.2
-2.3
-1.6
-2.4
-0.88
-2.96
- .0
-2.4
-1.34
-1.8
-1.5
-1.98
-1.5
-3.7
-1.43
-1.3
-1.9
-1.6
-0.06
-2.36
Filtersa
PR
PR
r'
PR
PR
r'
r'
PR
r'
r'
r'
PR
PR
r'
r'
i'
gl
PR
r l
PR
r'
PR
PR
r'
PR
r l
r l
VR
VR
PR
r'
rF
r'
r'
r'
UT Date At KBO KBO sigma sigma Filtersa
Object (20XX) (hr) range cm from x2 from x2
(mag) (mag) KBO Star
2003FC 128 030425 0.83 0.08 0.04 -0.28 -0.87 r'
030426 2.12 0.12 0.07 -1.0 -1.5 r'
2003FE128 030425 6.18 0.84 0.03 216 0.94 r'
a filters with a prime refer to the Sloan system.
b Candidate binary objects from Eddy (2002)
c Poor PSF fit
dScattered, but not systematic
LIGHTCURVE FITTING
Sinusoid Model
If an object appears variable, i.e. "sigma from X2 kbo" is greater than 3, and "sigma from
X2 star" is small (or small in comparison to the KBO value), then I attempt to determine its
frequency of variability by comparing the data to a series of sine curves. In many cases there are
not enough data to choose one period over another, however my analyses offer some constraints
for planning future observations. The relative photometric points and respective times, (mi, ti),
are compared to a sine function to characterize the rotation properties of the object. In this
function, mav is the mean magnitude of the object, Ap-p is the peak-to-peak amplitude of the
lightcurve, Tro,a,e is the period of the rotation, and 0 is the phase of the lightcurve; the function is
of the form
mi = mavg + (A-p /2)sin((2ti / TrotT,,,e ) + ).
(22)
The starting inputs to the function are derived from the data. For differential photometry
the object magnitude is differenced with respect to a non-variable star in the same frame. Then
the mean magnitude of the difference is subtracted such that the object varies around zero, mavg.
This normalization works well when an entire sine curve has been observed, however, it may
over or underestimate the actual variation if only part of the curve is available. If absolute
photometry is available, mag is the mean of the KBO measurements. The input amplitude, Ap-p, is
the range of KBO magnitudes, and the phase, , is set at zero. Tro,,,,e is the set of possible periods
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and ranges between two values in steps of dT. For example, Trotate=4 to 8 hours with dT=0.5
would be the set of trial periods {4.0,4.5,5.0,5.5,6.0,6.5,7.0,7.5,8.0}. Each input period is fit
separately then the fitted period versus their reduced chi-square residuals are plotted. The
reduced chi-square is a statistic that characterizes the dispersion of the observed points from the
model. It is defined with n, the total number of points, and nt,, the number of parameters fit, as
Xr = 2 (n -nfit)
(23)
The data are best described by the model when the reduced chi-square is close to 1. The larger or
smaller the reduced chi-square, the more poorly the model describes the data. With a limited
dataset, the period with the minimum reduced chi-square residual is suggested to be a plausible
period estimate for the data. If the data are sufficiently sampled, then a more extensive period
search is conducted around the period of interest. Some of the curves do not appear to be
perfectly sinusoidal. Given that these objects many be elongated and oddly shaped, a non-
sinusoidal period is not surprising, however, I have not added additional harmonics to model
these irregularities in the fits for my period estimations.
Phase Dispersion Minimization (PDM)
A method for period determination often utilized in the literature is phase dispersion
minimization, or PDM (Stellingwerf 1978). The main idea is to choose a period that produces the
least possible scatter about the mean derived lightcurve by minimizing the sum of the squares of
the differences in the ordinate from one data point to the next.
Each set of observations is expressed as an ordered pair, (mi, ti; magnitude, time) of the i-
th observation. Given N observations, the variance of m is defined as:
2 (mi -)2
N2 -_IN-1
(24)
where N-1 (rather than N) is used to account for the fact that m, the mean magnitude
m = mi IN, is determined from the data, and not independently. A series of test periods, T, are
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t.chosen, and the phase vector, i = [~- is computed for each (the brackets indicate the integer
part of the ratio). The observations are grouped into M bins of roughly the same phase, with nj
points in each bin. Next the variance in each bin is calculated, and the overall variance for the
sample is defined as:
s (nj-1)s2
2 nj - M
(25)
The variance of the samples gives a measure of the scatter around the mean light curve
defined by the means of mn. The statistic e,
s2 (N - )J (nj _ 1)s2
=22 2)2)2 M
or2 (mi-m)I ni -M'
(26)
is defined such that if Tis not the true period, s2 a2and O=1. If Tis correct period, O is a
minimum compared with neighboring periods (it should be close to zero). This method works
best for small, randomly-spaced samples, and has no preference for a particular shaped (e.g.
sinusoidal) curve. This method is employed by many groups who work with lightcurves,
however, it is not employed with our Magellan data because our data are more or less evenly
spaced, and our number of data points are too few to reasonably constrain the model.
LIGHTCURVE RESULTS
Of 33 objects, 10 showed measurable variability; 30%. Figure 14-Figure 20 plot the
proposed lightcurves for these objects, and Table 10 gives the details of the fits. The Centaurs
8405 Asbolus and 7066 Nessus both have measurable lightcurves, but neither of them are found
to be color variable12 within their photometric errors, the first in contrast to HST/NICMOS
spectroscopic observations obtained in 1998 (Kern et al. 2000), but consistent with observations
made in 2000 by Barucci et al. (2000). The double-peaked period of 8.90±0.04 hours is
12 Color variable means that an object's lightcurve is not consistent when measured in different
wavelengths.
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consistent with Brown and Luu (1997) within the error bars, however the amplitude of
0.14±0.02 magnitudes is only 41% of the amplitude determined in 1997. Such an amplitude
change could imply a physical change in the object during this time, or the measurement of a
different aspect of the object. 8405 Asbolus moved from 10.0 AU in 1998 towards perihelion
near 6.8 AU in 2002. Perhaps at 6.8 AU as small coma could develop and mask the water ice
feature we saw when it was further from the Sun. With respect to our viewing aspect, the object
has shifted more than 25 degrees in its projection angle between 1998 and 2002. It's not
unreasonable to think that we saw a different aspect of the object in 2002 than in 1998. These
explanations are still under investigation but are beyond the scope of my thesis and will not be
discussed here.
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Object
7066
8405_r"'
8405_g'
8405_i'
54598b
87555
2001KJ76
2001KU76
2001KA77 r'
2001KA77_g'
2001KA77_i'
2001 KG77
2001 QY297
2002GP32
2002GW32
2003 FM 127
2003FE 128
,a Brown & Luu
TABLE 10. LIGHTCURVES OF VARIABLE KBOs
Trotte App Reduced No. Avg. Nights of
single peak) X2 Frames om Data, UT
5.68-0.19 0.76±+0.08 0.5 12 0.08 010612
4.45_-0.02 0.14±0.02 71 89 0.005 010612,
010613
4.48_±0.03 0.14_+0.02 57 63 0.005 010612,
010613
4.44_+0.02 0.12_±0.02 104 62 0.005 010612,
010613
.723_+0.001 0.38+0.02 2.1 35 0.02 020711,
020718
.594_-+0.001 0.38_-0.02 2.6 35 0.02 020711,
020718
9.01_-0.04 0.20±0.02 9.7 42 0.02 020710,
020718
3.88_±0.39 0.34_-0.06 1.1 6 0.05 020710
5.27_±0.02 0.28±+0.05 0.5 33 0.07 030421,
030424,
030426
>6 >0.32 - 21 0.03 030425
>6 >0.30 - 12 0.05 030425
>6 >0.14 - 12 0.04 030425
4.8+2.2 0.80±0.26 0.4 5 0.35 020711
12.2+4.3 0.66_±0.38 0.1 13 0.04 020710
4.0±+0.1 0.18_-0.04 2.7 40 0.06 040528,
040529
>3 >1.0 - 6 0.10 020710
6.22_-0.02 0.46_-0.04 6.2 33 0.04 030425,
030427
5.85_±0.15 0.50_±0.14 1.8 12 0.05 030425
(1997) find a 8.870+0.020 hour double-peaked rotation period.
b Ortiz et al. (2002) find a 4.57±+0.05 hour single-peaked rotation period.
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Figure 15. Lightcurve fit for 7066.
Squares refer to observations in the Sloan r' filter, and circles refer to observations in the Sloan i'
filter. There does not appear to be a substantial difference in color with rotation, however, there
are hints of color disagreement near a phase of 0.8. Prehaps more closely spaced data will reveal
something interesting. The fit is for a single-peaked period of 5.68+±0.19 hours.
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Figure 16. Color lightcurve of 8405 Asbol us.
(left) Lightcurves for 8405 Asbolus in each of three filters, Sloan i' (stars), Sloan r'(squares), and
Sloan g' (circles) plotted relative to a consistent field star on 12 June 2001. Sinusoidal fits to the
points are overplotted. The curve is double-peaked because it has two distinct minima. The
double-peaked period is 8.90::tO.04, the peak-to-peak amplitude of the curve is 0.14::tO.02
magnitudes. This period is consistent with that published by Brown and Luu (1997) however, the
amplitude we observe of the lightcurve is about half the 0.34 magnitude peak-to-peak amplitude
reported by determined by Brown and Luu (1997). Sloan r'-Sloan i' = -0.36, Sloan r'-Sloan g' =
0.52. (right) Lightcurves for 8405 Asbolus in each of three filters, Sloan i' (stars), Sloan
r'(squares), and Sloan g' (circles) normalized to the mean differenced magnitude on each night in
order to put all the points on the same scale.
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Figure 17. Lightcurve fits for 2000QC243.
Each night is plotted with a different symbol. (a) single-peaked period of 4.723:tO.OOI hours, and
(b) single-peaked period of 4.594:t0.00 1 hours. Both yield amplitudes of 0.38:tO.02 magnitudes.
The first fit yields a better chi-square value, but the second is closer to the period published by
Ortiz ef at. (2002).
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Figure 18. Lightcurve fits for 87555, 2001KJ76, 2001 KU76, and 2001KA77.
(top left) Lightcurve fit for 87555 (2000QB243) with a single-peaked period of 9.01:tO.04 hours.
(top right) Lightcurve fit for 2001KJ76 with a single-peaked period of 3.87:tO.39 hours. (bottom
left) Lightcurve fit for 2001 KU76 with a single-peaked period of 5.27:tO.02 hours. (bottom right)
Partial color lightcurve of 2001KA77, a period fit to the data has not been attempted. The gray
squares are the Sloan r' filter, the open circles are the Sloan i' filter, and the 'x' are the Sloan g'
filter. The data have been normalized to zero in each filter. The object appears to be variable
above 0.16 magnitudes with a period greater than 6 hours as it does not appear to turnover during
my observations. The lightcurve appears slightly different depending on wavelength, however
within the errors only the Sloan i' observations are measurably different.
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Figure 19. Lightcurve fits for2001KG77, 2001 QY297, 2002GP32, and 2002GW32.
(top left) Lightcurve fit for 2001 KG77 with a single-peaked period of 4.8:t2.2 hours. (top right)
Lightcurve fit for 200lQY297 with a period of single-peaked 12.2:t4.3 hours. (bottom left)
Lightcurve fit for 2002GP32 with a single-peaked period of 4.0:1:0.1 hours. The actual lightcurve
of this object appears to have a very interesting shape. It is possible that the period of this object
is much longer, my period is limited by the fact that only three hours of data were collected each
night. (bottom right) Partial lightcurve of 2002GW32. This object appears to be variable above
0.6 magnitudes with a period greater than 3 hours. The data are too sparse to draw further
concl usions. This object should be observed again in the future for more detailed investigation.
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Figure 20. Lightcurve fitsfor 2003FM127 and 2003FE128.
(left) Lightcurve fit for 2003FM 127 with a single-peaked period of 6.22:tO.02 hours. This fit
combines two nights of data. One set of points near 5 hours does not appear to fit well, this set of
points is a consistent problem regardless of what period is fit to the data. (right) Lightcurve fitfor
2003FE128 with a single-peaked period of 5.85:tO.15hours.
The single-peaked periods of these systems range from 3.8 to 12.2 hours although the
lightcurves are mostly undersampled since the observation windows are around 6 hours, and
observations were acquired about once an hour. The original intention of this data set was to
define a set of objects that showed variability, and promised results that would be rewarding
enough to justify using Magellan time to observe them. A number of these objects have large
amplitudes that could lead to the detection of contact or separated binaries (Sheppard and Jewitt
2004; Takahaski and Ip 2004). Perhaps the most interesting objects for further investigation are
2001KG77, 2002GW32, 2003FM127, and 2003FE128. All of these objects showed some level
of variation in the original DES observations, either above or near the magnitude of variation
measured by the lightcurve. 2002GW32 was a candidate binary in Eddy (2002), and also has a
large amplitude variation with a potentially short period. This object should definitely be
observed again in the future.
Ten of our original thirty-three objects show variation; 30%. This percentage is only
slightly higher than the percentage found by Sheppard and Jewitt. With respect to classification,
2 are Centaurs, 4 are Resonant, 1 is Scattered, and 3 are Classical. Our results suggest that itis
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reasonable to look at the objects in the DES database that showed particularly large variations
between observations for targeted lightcurve studies in the future. Table 11 lists the 7.3% of our
objects with magnitude variations greater than 0.5. Not all of these variations are necessarily due
to real object variability, however going back to the original images to ensure that stars, and
other background sources, are not contaminating the signal will ensure the list is a reasonable set
for future observations.
TABLE 11. DES OBJECTS WITH LARGE MAGNITUDE VARIATIONS AT DISCOVERY
Object
2004TT357
2004TX357
2004UF10
1998UR43
2002CP154
2002CA225
2002GL32
2002GZ31
2002VD131
2003FD128
20000P67
2003UB292
2003UK293
2004PX107
MR DES
22.3
22.3
22.8
22.4
22.1
23.2
23.1
22.0
22.6
22.8
22.3
22.2
22.5
22.6
Am
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
Object
2000QN252
2001QS322
2002GR32
2003LD9
2004DM71
1998WW24
2001RL155
2003UU291
1999HZ1 1
2002GP32
2002PE155
2004PS107
2001FK185
1999HD12
MR DES Am
22.9 0.6
22.0 0.6
21.8 0.6
21.7 0.6
23.1 0.7
22.9 0.7
23.3 0.7
23.2 0.7
24.0 0.8
20.9 0.8
22.1 0.8
22.7 1.0
23.5 1.0
22.8 1.1
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CHAPTER 7: LIGHTCURVE STUDIES OF KBO BINARIES
In the Kuiper belt, a few binaries have measured lightcurves. Understanding the
rotational characteristics of these objects can give insights to their shapes and densitites,
provided that we make a few reasonable assumptions when analyzing their lightcurves (Sheppard
and Jewitt 2004; Takahaski and Ip 2004). Near-Earth binaries appear to have relatively fast
rotations, less than five hours, and modest lightcurve amplitudes with diameter ratios of between
0.1 and 0.3. In the main belt population rotation periods appear to be a bit longer (5-10 hours)
with lightcurve amplitudes that are modest to large. The diameter ratios of these objects are quite
small (0.05-0.3). In the Kuiper belt, most binaries have diameter ratios between 0.8 and 1.
In addition to measuring the period of such objects, it might also be interesting to
understand how such objects rotate, i.e. in a prograde or retrograde sense in relation to their
orbital revolution. The sense of rotation of these bodies might give insight about their formation.
In the Kuiper belt, objects move slowly, about 1.5 degrees/year (at 40 AU). This slow motion
means that from our perspective, very little changes about the object geometrically. If we can
link a rotation period over years then it may be possible to determine the phase of the rotation
period to high precision, and determine which direction the object is rotating without the
geometric complications that exist for determining the spin directions of main-belt asteroids
(Slivan 2002). Effectively, we want to determine the period accurately enough that we know
precisely how many integer number of periods have occurred between observations, illustrated in
Figure 21. Any shift in the lightcurve left or right, lag or advance, beyond the uncertainties is an
indication of the direction of rotation.
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Figure 21. Illustration of lightcurve result for rotational direction information.
From the Earth we see a shift of 1.5 degrees (at 40 AU) in the position of a KBO each year. In
this illustration the "dark spot" is given as a reference point. That means it takes numerous years
for us to measure the lightcurve of an object at different orientations. In order to determine the
spin axes of these objects, observations at different epochs are rquired. However, if the rotation
period of an object with a well-defined lightcurve is sufficiently known (a specific integer number
of periods, and only that specific number of periods could have passed between observations),
then it is possible to determine the direction of rotation of that object based on the phase shift in
its lightcurve.
Each set of data is fit with a simple sinusoid, Equation 22, and the goodness of the fits are
determined by the reduced chi-square, Equation 23. Once the best model is found, I investigate
the robustness of the model solution in two ways. First, I take the uncertainty on the optimal
period from the first fit to the data, T, the uncertainty on this period, 0 T,, and the time elapsed
between the last observation on the first night, and the first observation on the second night, At,
and calculate the n-sigma period following the equation below, where ±+ are the two sides of the
optimal:
At
.na = T-- nop t .
-~~~ T
(27)
Second, I recalculate the period for the situation where there is one less or one more
period between the two times. For this calculation I use the equation:
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T i- (At/T ±+ 1)
(28)
I use this period as the input to the model, then do the same three-sigma calculation around the
result where the fit to this period settles as was done for the optimal result. In most cases for this
dataset, there is less than 24 hours between observations, so it is not practical to try other n-
missing periods between the two observation times as the result quickly moves away from the
optimal, and is no longer a representative test of the data.
(88611) 2001QT297
88611 was discovered on July 31, 2001 with the 4-m telescope at CTIO as part of the
DES' search for new KBOs. This object resides in the Classical Kuiper belt with a semi-major
axis of 44.086_+0.001 AU, eccentricity of 0.023±0.001, and inclination of 2.585+0.001 degrees
(orbital elements from 23 June 2005). Recovery observations were acquired at Magellan with
MagIC, a high resolution imager, in October 2001 under excellent conditions (seeing of 0.4
arcsec). These observations indicated that 88611 was a binary KBO with a separation at this time
(for the secondary relative to the primary) of 0".61 ±+ 0".01 and a magnitude difference of 0.70 ±+
0.20 magnitudes. The recovery observations taken about 30 minutes apart also indicated that the
secondary was variable on the order of at least 0.3 magnitudes. Comparison of both the primary
and secondary components to non-variable standard stars on the same field indicates that this
variability is due almost entirely to the secondary.
All observations of this object are detailed in Table 12 and include astrometric
observations for orbit determination, the results of which will be described in Chapter 8, colors
of the primary and secondary components, lightcurve characterization, and color lightcurve
characterization. In general, the data collected early on for this object were done under
exceptional conditions. Additional observations in 2003 and 2004 were collected under a variety
of conditions as noted in column 6 of Table 12. All the acquired exposures were 300 seconds in
duration.
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TABLE 12. OBSERVATION LOG FOR 88611
UT Date Filters No. At Seeing Conditions Other Notes
(Sloan) Obs. (hr) (")
2001-10-11 b r' 3 1.54 0.4 Photometric Discovery of duplicity
2001-10-12 b r' 1 0.08 0.4 Variable astrometry
2 0 0 1 -1 1 -0 1 b r',i' 7, 19 2.89 0.6 astrometry
2001-11-03 b r',i' 3,4 0.83 0.8 astrometry
2001-11-04b r' 10 2.78 1.2 astrometry
2002-07-13 b r',i',g' 12,3,3 3.2 0.6 Photometric lightcurve, colors
2002-07-18 b r',i' 20,6 7.33 0.7 Photometric lightcurve
2002-09-08 b r' 4 0.45 1.2 astrometry
2003-04-21 b i' 3 0.26 0.5 astrometry
2003-04-24b i' 5 0.46 1.0 astrometry
2003-07-08 r', i' 19,19 4.58 0.8-1.1 Clouds color lightcurve
2003-07-09 r', i' 13,11 2.20 0.7-1.3 Clouds color lightcurve
2003-08-03 r' 16 3.81 1.1 Variable lightcurve
2003-08-04 r' 16 1.53 1.3 Variable lightcurve
2003-09-03 r' 32 8.45 1.8 Photometric Lightcurve, poor S/N
2003-09-06 r' 12 6.61 0.9-1.2 Photometric lightcurve
2003-10-23 r' 12 3.33 0.7 Photometric lightcurve
2003-10-24 r' 11 3.13 0.9 Clouds lightcurve
2004-05-25 r' 27 2.83 0.7-1.0 Photometric lightcurve
2004-05-26 r' 27 3.23 1.1 Photometric/ Lightcurvea,
Variable field calibration
2004-05-27 r' 21 2.49 1.0 Variable Lightcurve
2004-05-29 r' 21 3.51 1.4 Photometric Lightcurve
2004-09-13 r',i' 10,10 0.4 Photometric color lightcurve
a images elongated, fit with an elliptical Lorentz model rather than the standard circular Lorentz
model in the PSF fitting.
b data included in Osip et al. (2003).
A sample image in Figure 22 (entire field, left, and a zoomed image of the binary, right)
illustrates how the KBO and field standard stars were identified for a given night of observation.
In May 2004, 88611 was available for the last -3 hours of the night. Because it was moving very
slowly (only 0.12 arcsec/hour), I could use the same field standard (stars 1, 7, and 10) stars on all
four nights for consistency. This same process was followed on each night lightcurve data was
collected on this, and other binary objects.
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Figure 22. Sample image of (88611) 2001 QY297 observations.
Field of observation for 88611 (n040525.189.fits) on 24-29 May 2004. (left) Measured
comparison field stars are labeled in addition to 88611. Stars 1,7, and 10 were found to be non-
variable over the course of the observations, and were used as field standard stars for evaluating
the variability of 88611. (right) Zoomed image of 88611. The primary is the brighter object in the
center, and the secondary is slightly fainter and off to the upper left corner, the separation of the
components at this time is -0.6 arcseconds.
All images were PSF fit and calibrated with the methods described in Chapter 4. In some
cases, two different PSF reductions were made on the data. One was completed before the binary
orbit was determined, one after. The first reduction involved fitting the position of the primary
and secondary individually in the PSF fit in images where the components were clearly resolved.
The results from this fitting were also to determine the binary orbit. For images where the
components were not resolved, I fixed the position of the secondary relative to the primary based
on one or more good observations on a night. If no separable images were available then I fit the
system's combined light. The second method involved the binary orbit. Based on this
information I knew the position of the secondary relative to the primary at any given time.
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fixed this position for the secondary in my fits, and determined the light ratios. The overall
results are similar. This method determines good lightcurves for binaries that are not resolvable
from the ground, but for which we know the binary orbits.
Figure 23 details the lightcurve plots for each of the nights 88611 was observed for time
variability. The timescale (abscissa) and magnitude range (ordinant) are the same in each plot for
ease of comparison; each data point is offset from the first observation of the night. The UT date
of observation is included to the upper right of each panel. The plotted points are the combined
light of the 88611 primary and secondary components (black squares), the light of the primary
component alone (medium gray squares), and the light of the secondary component alone (light
gray squares). Data points with seeing less than 1 arcsecond have substantially smaller
uncertainties than data points taken in seeing greater than 1 arcsecond. On a few nights, the
points for the individual primary and secondary are very scattered, overlapping, and sometimes
the positions of the components appear reversed. Resolved images give nice lightcurves for
example, 18 July 2002, 23 October 2003, and 13 October 2004. Unresolved data are more
difficult to interpret for example, 27 May 2005. A discussion of why the combined light of the
components is plotted will be described in the next section.
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Figure 23. Lightcurve plots for the best datasets of 88611.
Data from 13 July 2002, 18 July 2002, 8-9 July 2003, 3-4 August 2003, 23 October 2003,
25,26,27, and 29 May 2004, and 13 September 2004. The dark squares are the combined light of
the primary and secondary, the light gray squares are the primary points, and the medium gray
squares are the secondary points.
Lightcurve Models
A number of possibilities exist for combining and interpreting the lightcurves. If all the
calibrations are good, then we can use any reasonable combination of data to refine the period. In
some cases, the secondary data are very noisy. It makes sense in this case try to interpret the
combined lightcurve of the components. If any of the calibrations are in question, I look directly
at the ratio of light between the primary and secondary in the PSF fitting. It is important to note
that working with the light ratios can only be done because the primary's lightcurve is not
measurably variable.
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In all cases, a magnitude for the primary, mkbop, secondary, mkss, and combined light, mc,
of the system are calculated based on the brightness ratios between the primary, secondary, and
chosen non-variable field star. The combined light of the system is calculated with the relation
mc =-2.5log[lO -4mbP + lo-0.4mkb,s ];
im2 = or2 + Orm,2 s + 2cov(m mbomAbos)mkOms m k ,.P 1 mk-S kboP koS mkrMP Mk,S
(29)
If both components are variable and eclipsing, then the combined lightcurve will be
distinctive. Appendix D discusses this situation in detail, presenting a series of lightcurves with
different component characteristics. Contact binaries will show a moderately sloped lightcurve to
a sharp dip at the minimum while objects that are separated by more distance will have steeper
slopes to that same minimum. Components with different albedos change the depths of the
lightcurve minimum between components. Components with different sizes change both the
depth of the lightcurve minimum and flattening of the curve near the minimum (in contrast to a
sharp dip). A decrease (from 90° ) in observing inclination changes the effective depth of the
lightcurve minima for both components. If the objects are not eclipsing then the combined
lightcurve will in principal be a superposition of two sinusoids.
Dedicated lightcurve observations were acquired to detail the secondary variation on 18
July 2002. Figure 24 displays the relative photometry results from this night. The data have been
geometrically and light-time corrected. I model the secondary with a single-peaked period of
6.1±0.5 hours, and a peak-to-peak amplitude of 0.54±+0.10 magnitudes. The reduced chi-square
of the fit is 5.3. That the reduced chi-square is not I indicates that the period is not a perfect fit to
the data, but I use this period as a starting point for fits with additional observations. Despite the
largish error bars, the primary is basically flat. The 3-sigma uncertainties on the period of the
secondary suggest a single-peaked period between 4.6 and 7.6 hours or a double-peaked period
between 9.2 and 15.2 hours.
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Figure 24. Resolved lightcurves of 88611 components in July 2002.
Resolved lightcurves of the secondary (black squares) and primary components (gray squares) of
88611 from 18 July 2002. The secondary is fit with a single-peaked period of 6.11:t0.50 hours,
and a peak-to-peak amplitude of 0.54:t0.l0 magnitudes. The reduced chi-square of the fit is 5.3.
The data have been geometrically and light-time corrected. Notice that the primary is basically
flat while the secondary shows a substantiallightcurve.
In 2003 we combined our data to define a preliminary lightcurve based on the ratios from
the PSF fitting. A very precise single-peaked period of 4. 749:tO.00 1 hours with an amplitude of
O.48:tO.05 magnitudes was defined with a reduced chi-square of 1.79. The double-peaked period
was 9.498:tO.002 hours. Figure 25 displays this fit to the data: the fit is weighted, but no outlying
points have been removed. A single-peaked lightcurve, determined through color variability
measurements, would indicate that the variation is due to surface albedo or compositional
variation. A double-peaked lightcurve, the most likely, indicates that the body is elongated with a
semi-major to semi-minor axis ratio of approximately 1.6.
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Figure 25. Lightcurve of 88611 secondary from PSF fitted ratios 200 I through September 2002.
The period fits are weighted, but no outliers have been removed. (left) The single-peaked period
is 4.749:tO.OOl hours with an amplitude of O.48:tO.05 magnitudes, and reduced chi-square for the
fit of l.79. Note that this period is slightly different from that of 4.7526:tO.0007 hours determined
in Osip et al. (2003), however it uses the same dataset. (right) The same data plotted with a
double-peaked period of 9.498:t0.002 hours.
Additional observations of this object were collected throughout 2003 and 2004 in an
attempt to refine the period, to look for a direction of rotation, and to confirm that the primary is
in fact not variable, or more likely variable at a very low level. Based on these observations, I
came to question the accuracy of the period fit to the early datasets. It is possible to artificially
find a precise period that matchs the data over a short period, but which is not accurate for
longer timespans. Input parameters are required for the fitting model. It is possible to choose an
input parameter that is a harmonic of the true period for which the model fits well with a small
dataset, but does not fit well with a larger one.
Consecutive photometric nights with good seeing are difficult to obtain (a seeing/binary
separation ratio less than 2). The data collected in 2003 on the nights of 8-9 July, 3-4 August,
and 23-24 October, when the secondary was moving towards pericenter, share at least one
overlapping field star between the consecutive nights. These stars were photometrically back-
calibrated in May 2004 to allow the data to be combined for interpretation. The time of the first
observation for any combination of measurements was denoted to be the reference time for all
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the measurements in that set, and the data points were weighted in the fits according to their
uncertainties.
I try two approaches, one where I fit the ratios of light for a range of periods between
4.70 and 4.85 for all the data from 2001 through 2004 assuming that our original analysis is close
to correct, and one where I search a wider range of periods for just the May 2004 data from 4-8
hours in intervals of 0.1 hours. The phase is fit first while the other parameters are fixed, then the
amplitude and mean magnitude are added, and lastly, the period is allowed to vary in the fit. For
each fit I calculate the reduced chi-square. Since not all the data are of the same quality, I only
use data with uncertainties less than 0.4 magnitudes. Although the fits are weighted, and points
with large error bars don't receive much weight in the fits, they make it more difficult for the eye
to distinguish if the fitted period makes sense. A plot of the resultant periods versus the reduced
chi-square of the fits yields one significant period for the first method, and two significant
periods that merit further investigation for the second method. The robustness of each period was
tested and the results are about the same, no matter what the starting period for the fit, the result
settled at the periods in Table 13. Figure 26 plots the refined period for the first method, and
Figure 27 plots the two potential periods, attributed to the secondary component of the binary,
for the system in May 2004 with the points from each night identified by a different symbol. The
reduced chi-square for these fits are 3.50, 3.37, and 2.56 respectively.
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Figure 26. Refined lightcurve of 88611 secondary from PSF fitted ratios, 2001-2004.
The refined single-peaked period (left) is 4.74906:tO.00005 hours with a peak-to-peak amplitude
of O.32:tO.04 magnitudes, and a reduced chi-square of 3.5. The double-peaked period (right) is
9.4981:tO.OOOIhours.
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Figure 27. Two possible periods for the secondary component of 88611 in May 2004.
The left plot is for a single-peaked period of 5.50:tO.OI hours and the right plot is for a single-
peaked period of 7.IO:tO.02 hours. Each night of observation is represented by a different symbol:
25 May are triangles, 26 May are stars, 27 May are gray boxes, and 29 May are open circles.
TABLE 13. POSSIBLE PERIODS FOR 88611
Data include Trotatihr) Ap_p <p
in the Fit (single peak) (mag) CO)
All PSF ratios 4.74906:tO.00005 0.32:tO.04 95:t:12
2004: 5-25, 5.50:tO.0 I 0.28:tO.02 174:t:7
5-26,5-27,5-29 7.IO:tO.02 0.30:tO.02 199:t:6
Reduced
t
3.50
3.37
2.56
Next, we see how well the two periods in May fit when we include the data later in 2004
(13 September) and in 2003 (July 3-4,2003 August 8-9, and October 23). Table 14 gives the
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numeric fit results, and Figure 28 displays the plots of the fits with the model overlay for each
data set. Again the different points denote different nights of data. None of these fits has a
particularly small reduced chi-square which means that the data are not being perfectly modelled.
However, in some cases this higher reduced chi-square is likely due to a few points with average
error bars that are outliers. In general the 5.5 hour period yields a slightly better consistency
overall. It also appears that between 2003 and 2004 the amplitude of the lightcurve has changed
by 60%.
TABLE
Data included
in the Fit
2004: 5-25,5-26,
5-27, 5-29, 9-13
2003: 7-8, 7-9,
8-3, 8-4
2003: 7-8,7-9,
8-3, 8-4,10-23
2002,2003,2004
14. REFINEMENT OF PERIODS FO
Trotate (hr) Ap-p
(single peak) (mag)
5.4999±0.0005 0.26_+0.02
7.1005+0.0008 0.24+0.02
5.507+0.003 0.14_+0.02
7.080_+0.006 0.12_±0.02
5.5000-0.0007 0.12+0.02
7.082+0.002 0.14+0.02
5.4951+0.0001 0.14_+0.02
7.0988-0.0003 0.10±+0.02
R 2004 AND 2003
0 Reduced Panel in
(0) X2 Figure 28
173+7 5.05 a
191±+8 5.51 b
343+16 2.62 c
19+21 3.08 d
325±+14 3.36 e
29+±13 3.50 f
80±+10 10.31 Figure 29
40+16 11.44 Figure 29
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Figure 28. Period fits for various combinations of 88611 combined light datasets.
The numeric results for each of these fits are found in Table 14. Five hour period fits are on the
left and seven hour period fits are on the right. Each night of observation is represented by a
different symbol. In panels (a) and (b) the data from 2004 are fit; 25 May are triangles, 26 May
are stars, 27 May are gray boxes, 29 May are open circles, and 13 September are crosses. In
panels (c) and (d) the data from 2003 July and August are fit; 7 July are triangles, 8 July are stars,
3 August are gray boxes, and 4 August are diamonds. In panels (e) and (f) the data from 2003
October are added; open circles.
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Lastly, I fit the combined datasets specifically collected for Iightcurve work from 2002-
2004. The results are found in the bottom rows of Table 14, and displayed in Figure 29. Neither
of the periods appears to be a very good fit when all the data are combined. The data for the
shorter period appear equally scattered around the modeled curve while the data for the longer
period appear to agree quite well with the modeled curve in some places, but very poorly in
others. The change in observation angle during the three years of data presented is very small,
only about 4.5 degrees. Perhaps this indicates that the primary is variable, albeit at a very low
level, over a day or more timescale, complicating the interpretation for combined lightcurves
over longer time intervals.
5.8
-~
~ 6
U5
Q)
~ 6.2
'2
~
E 6.4
I
6.6
o 0.4 0.6
phase
0.8 1 0 0.2 0.4 0.6
phase
0.8
Figure 29. Combined fit for alllightcurve data on 88611 from 2002, 2003, and 2004.
(left) The data are fit with a single-peaked period of 5.4951 :to.000 I hours, and (right) the data are
fit with a single-peaked period of 7.0988:t0.0003 hours. The data for the shorter period appear
equally scattered about the modeled curve while the data for the longer period appears to be fit
quite well with the modeled curve in some places, but very poorly in others. The reduced chi-
square of these fits is nearly identical.
Color Variability
We also look at the color variability of 88611. The plots in Figure 30 and Figure 31
definitively show that neither the primary nor secondary components are color variable at least
on the order of 50 minute intervals. This suggests that this object has a double-peaked lightcurve
of around II or 14 hours.
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Figure 30. Color variability of 88611, primary and secondary.
(left) Color variability between Sloan r' and Sloan i' of the 88611 primary. Within the errors this
component is not color variable. (right) Color variability between Sloan r' and Sloan i' of the
88611 secondary. An overlay of the fitted single-~aled period (5.494:f:O.OI2) is plotted for
comparison with other plots. Neither component appears to be color variable.
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Figure 31. Color variability of 88611, combined light.
Color variability between Sloan r' and Sloan i' of the combined light of 88611 secondary. This
system does not appear to be color variable.
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2003QY90
2003QY90 was discovered by the DES (Millis et al. 2002; Elliot et al. 2005) on 2003
August 24 at CTIO using the Mosaic Camera on the Blanco 4-m telescope. It was observed two
months later by the Clay 6.5-m Magellan telescope as part of the MIT recovery program for DES
objects. Images under 0.5 arcsec seeing conditions recorded with MagIC revealed 2003QY90 to
be binary in nature with a separation of 0.41±0.02 arcsec (updated from the value reported in the
LAUC for image calibration, Elliot 2003).
Additional observations of the binary, in some cases resolved, and in other cases
unresolved, reveal that dynamically this pair resides securely in the Classical population of the
Kuiper belt (Elliot et al. 2005) with a heliocentric semi-major axis of 42.795±0.005 AU, an
eccentricity of 0.0510±0.0001, and an inclination of 3.772±0.001 degrees. After recovery in
2004 and 2005, observations were linked back to an earlier DES detection in 2000 giving this
pair a 4.78-year arc on its heliocentric orbital position.
On the night of 2004 September 13, conditions allowed for resolved photometric
observations of the components for the duration of nearly 6 hours. Figure 32 is an example of the
high-quality data collected on this night. As a result of the excellent conditions, individual
lightcurve measurements were obtained. These observations, made with the Sloan i filter, are
displayed in Figure 33 with the best fit rotation periods overplotted. Table 15 gives the details of
the resulting fits to a simple sinusoid of the form of Equation 22; column 1 references the
component that was fit, columns 2-5 give the fit parameters, and column 6 gives the reduced chi-
square of the fit. The primary lightcurve is well fit by a single-peaked rotation period of 3.4±1.1
hours with a peak-to-peak amplitude of 0.34:0.12 magnitudes, and a reduced chi-square of 1.1
(closed circles, solid line in Figure 33). The secondary fit is less constrained with a reduced chi-
square of 1.7, but yields a preliminary single-peaked rotation period of 7.1±2.9 hours with a
peak-to-peak amplitude of 0.90±0.36 magnitudes (star, dashed line in Figure 33). I have also
overplotted the combined light, with the lightcurve model for the primary and secondary
components (open diamonds, dotted line in Figure 33). I expect that it will not always be feasible
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to obtain resolved Iightcurves for this object. While the combined lightcurve may be more
difficult to interpret for the individual components, it still provides useful information on the
system. Note that the last data point for the combined light does not follow the model. Since the
uncertainty is large on this set of points, and the model period is not precise, a poor fit here is not
surprising. I hope to refine these periods with observations in the future.
If these objects are triaxial ellipsoids, then the peak-to-peak amplitudes of the lightcurves
for the primary and secondary components, assuming that the rotation axis of the objects are
perpendicular to the line of sight, yield approximate estimates for the ratio of axis elongations of
1.4 and 2.3, respectively. The large amplitude for the secondary is close to the limit for stability
from rotational fission (Leone et al. 1984); however, since the uncertainty on this value is large, I
do not interpret this result further.
Figure 32. High resolution image of 2003QY90.
Taken on 2004 September 13 with MagIC (plate scale of 0.069 arcsec/pixel) on the Clay 6.5-m
telescope at Las Campanas Observatory under 0.4 arcsec seeing conditions. The separation of the
components is 0.37:tO.Ol arcsec. North is up, East is to the left.
TABLE 15. ROTATION PERIOD FITS FOR 2003QY90 COMPONENTS ON 13 SEPTEMBER 2004
Binary Trotate(hr) Ap_p
Component (single peak) (mag)
Primary 3.4:i:1.1 O.34:tO.12
Secondary 7.1:t2.9 O.9O:tO.36
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Figure 33. Lightcurve observations for 2003QY90.
Collected on the night of 2004 September 13 in the Sloan if filter. The primary lightcurve (closed
circles, solid line) is fit well by a single-peaked rotation period of 3.4=t:1.1hours with a peak-to-
peak amplitude of 0.34:tO.12 magnitudes, and a reduced chi-square of 1.1. The secondary
lightcurve (stars, dashed line) is less constrained with a reduced chi-square of 1.7, but is fit with a
preliminary single-peaked rotation period of 7.1:i:2.9 hours with a peak-to-peak amplitude of
O.9=t:O.18 magnitudes. The third set of points (open diamonds, dotted line) is the combined light of
the components with the combined lightcurves. I include this for comparison with anticipated
unresolved lightcurve observations in future work. Table 15 gives additional details concerning
the fits.
Lastly, while I have not measured accurate colors of 2003QY90, I note that the phase
corrected magnitudes are ""'().3 magnitudes (for the primary and combined light, ~.15
magnitudes for the secondary) brighter in the Sloan i' filter than the Sloan r' filter (using a phase
correction coefficient of 0.14 mag/a, Belskaya et al. 2(03). Converted to the Johnson system
(Smith et al. 2(02) these colors fall about in the center of the current KBO color distribution for
V-R (Doressoundiram 2003).
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2001QC298
2001QC298 was discovered on 29 July 2000 with the 4-m telescope at CTIO as part of
the DES' search for new KBOs. This object resides in the Scattered-Near population of the
Kuiper belt with a semi-major axis of 46.450_+0.005 AU, eccentricity of 0.1268_+0.0001, and
inclination of 30.552+0.001 degrees (orbital elements from 25 May 2005). On 4 October 2002
this object was found to be binary in nature, separated by an angular distance of 0.17±0.08
arcseconds, through direct observations with HST (Noll et al. 2002a). The orbit of the system has
recently been tracked by Margot et al. (2004), however the full orbit solution has not been
published. The system is reported to have a binary orbital period of 19.23+0.02 days, a semi-
major axis of 3690+70 km, a system mass of (10.8+0.7) x 1018 kg, and a diameter ratio
(assuming equal albedos) of 1.2.
In 2002, Magellan observations were obtained of this object that indicated variability.
These observations were followed up in 2003. None of the observations are high enough quality
to resolve the primary and secondary components, however, it is clear from these observations
that the system has a lightcurve. Table 16 records when observations were acquired, including
the conditions and purposes of that set of observations. In the following analysis I focus on the
data from the nights with the longest time spans of observation, 11 July 2002, 3 August, 6
September, and 23 October 2003. The results of the lightcurve fits are found in Table 17 and in
and Figure 35.
TABLE 16. LOG OF OBSERVATIONS FOR 2001QC298
Date Filters No. At(hr) Seeing Conditions Other Notes
(Sloan) Obs. (")
2002/07/11 R 12 4.22 0.8 Variable Search for variability
2002/07/12 r',i',g' 6,3,3 0.6 1.1 Photometric colors
2003/08/03 r' 12 3.76 1.1 Variable lightcurve
2003/09/03 r' 4 1.20 1.8 Photometric Lightcurve, poor S/N
2003/09/04 r' 8 2.26 1.2 Variable lightcurve
2003/09/06 r' 14 6.33 0.91 Photometric lightcurve
2003/10/23 r' 14 3.76 0.66 Photometric lightcurve
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TABLE 17. POSSIBLE PERIOD FITS FOR 2001QC298
Date Tro,,,,tate(hrs) Ap-p 0 mavg Reduced
(single peak) (mag) (°) (mag) X2
2002/07/11 3.89+0.24 0.30±0.04 316±7 -- 6.7
2003/08/03 5±4 0.18-0.18 92±+17 21.11+0.10 4.0
2003/09/06 3.6±+1.8 0.20±0.12 110_±44 23.5±0.06 4.7
2003/10/23 5.09±1.05 0.10+0.02 202±15 22.70-0.01 6.0
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Figure 34. 2001QC298 lightcurves, July 2002.
The data are fit with a (left) single-peaked period of 3.89+0.24 hours, and (right) double-peaked
period of 7.78_+0.48 hours.
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Figure 35. 2001QC298 lightcurves, 2003.
Plots for single-peaked period fits to the data from 3 August, 6 September, and 23 October, 2003.
The data have all been calibrated, however, the mean light values are quite different between
runs. This difference suggests that while the slope of the extinction curve may be correct the
calibration for magnitude may be incorrect. The projected mean magnitude for the object at this
time was 22.1.
The fact that the data are not all well fit by the model and appear not to be perfectly
sinusoidal may indicate that we are measuring variability in both components of the system. If
two sinusoids overlap, and are phased differently at different times, it is very difficult to well
define the individual rotation periods in the system without resolved lightcurves or a very long
continuous time base. The combined curve can be fit by adding harmonics to the model,
however, it is not entirely obvious how to disentangle two curves for interpretation without some
a priori knowledge about the rotation of one of the two components.
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66652
66652 (1999RZ253) was discovered on 29 July 2000 with the 4-m telescope at CTIO as
part of the DES' search for new KBOs. This object resides in the Classical population of the
Kuiper belt with a semi-major axis of 43.636±0.007 AU, eccentricity of 0.0875±0.0002, and
inclination of 0.5627-0.0001 degrees (orbital elements from 27 May 2005). On 23 April 2003
this object was found to be binary in nature, separated by an angular distance of 0.21±0.02
arcseconds, through direct observations with HST (Noll and Stephens 2003). The binary orbit of
the system was further tracked by Noll et al. (2004a), and the binary orbit solution shows that the
secondary has a period of 46.263 (+0.006, -0.074) days, a semi-major axis of 4660+170 km,
ecccentricity of 0.460+0.013, and a system mass of (3.7+0.4) x 1018 kg. Assuming equal albedo
components, these objects have a diameter ratio of 1.21.
Magellan observations were obtained of this object in 2004 to search for a lightcurve. As
with 2001QC298, none of the observations are high enough quality to resolve the primary and
secondary components, however, it is clear from these observations that the system has at least a
small amplitude lightcurve. Table 18 records when observations were acquired, including the
conditions and purposes of each set of observations, and Table 19 reports the results from the
model fits which are displayed graphically in Figure 36. The data from 23 August 2004 are
modeled with all four fitting parameters allowed to vary. The data from 29 May 2005 are
modeled with the period fixed at that found for 23 August 2004 since the time span of
observations is relatively short, and there is no definitive turnover in the lightcurve during the
observations. The model appears to fit the data well although the number of observations is
small.
TABLE 18. LOG OF OBSERVATIONS FOR 66652
Date Filters No. At Seeing Conditions Other Notes
Obs. (hr) (")
2004/08/22 VR, 6,4, 1.7 0.9 Photometric Colors, search for
Sloan: 4,4 variability
r', i',g'
2004/08/23 VR 11 6.04 0.9 Variable lightcurve
2005/05/29 VR 15 2.66 1.4 Photometric lightcurve
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TABLE 19. POSSIBLE PERIOD FITS FOR 66652
Date Trotate (hrs) Ap-p 0 Reduced
(single peak) (mag) (°) X2
2004/08/23 6.4±+1.0 0.08_+0.02 113±+11 1.24
2005/05/29 6.4a 0.20±+0.02 350+±20 1.54
a Fixed period
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a: 21.4
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Figure 36. 66652 lightcurves.
Period fit plot for 23 August 2004 relative data (left), and 29 May 2005 calibrated data (right).
The data are fit with a single-peaked period of 6.4+1.0 hours.
CONCLUSIONS
The period modeled from the straight PSF ratios for 88611 gives about as good a fit as
those from the 2004 data alone. When all the data are combined, fits from the PSF ratio method
yield substantially smaller chi-square values. However, when the resultant period is fit to the
calibrated data the result is obviously incorrect. Two interpretations are plausible. (1) The
magnitude calibration across years is flawed or (2) the assumption that the primary is not
variable is invalid. In 2004 the data were all referenced to the same non-variable star. This star
was non-variable at the level of 0.03 magnitudes. The fact that the 4.7 hour period does not fit
the data in 2004 suggests that there is still something that we don't understand about these
objects.
No matter what the (double-peaked) period, 9.4, 11 or 14.2 hours, the implication is the
same: this pair is not a tidally evolved system that has undergone a gentle perturbation of the
1
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orbit to a more distant semi-major axis. The rotation is relatively rapid suggesting that at one
point in the past the secondary component may have been impacted. Such an impact would
impart rotational angular momentum to the secondary as well as orbital angular momentum to
the system as a whole. The timescale of tidal evolution depends on the size, separation and mass
ratios of the two components. In the Kuiper Belt, binaries have such large separations that their
tidal despinning times are longer than the age of the Solar System (Merline et al. 2002).
Therefore, it is not possible to place constraints on when such an impact might have occurred.
Another option for the relatively fast and poorly constrained rotation is found if one
explains the secondary as being in a state of chaotic rotation. A lightcurve changing over time
may not be unreasonable in this case. A study by Klavetter (1989) of Hyperion, a satellite of
Saturn, found that its orbital resonance with Titan results in a substantial inclination and
eccentricity. This combination, in addition to the fact that Hyperion is oddly shaped, causes
Hyperion to rotate chaotically: its lightcurve changes in amplitude over years, and its period is
undefined. Each time the object makes a close approach to the primary, it gets a little "kick"
depending on how it is oriented. The secondary component of 88611 has substantial orbital
eccentricity and inclination (see Chapter 6), but it is not known to inhabit any resonances, and its
rotation period is quite short with respect to its orbital period. Perhaps a similar process is at
work, albeit in a slightly different way.
Based on my observations in September 2004 1 do not find this object to be color
variable, however, my observations are spaced by nearly an hour each. There is still a possibility
that this object could be color variable at a very low level. This analysis suggests that the
lightcurve is due to an elongated object, and the periods should in fact be double-peaked periods
rather than single-peaked ones.
I believe the following strategy should be employed if additional observations of this
system are to be successful at unambiguously determining the period, and eventually the
direction of rotation. One of the biggest issues for this dataset was getting high signal to noise
observations under reliably photometric conditions. I observed the object whenever I could,
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rather than strategically. Since the object now has a well defined orbit, and the separation of the
components reaches beyond 1 arcsecond near apocenter, the lightcurve should be refined when
the two components are well separated. It is relatively easy to get 1 arcsecond seeing or better
from the ground, far more difficult to get 0.5 arcsecond seeing. Based on the orbit defined in
Chapter 8, the best times to observe this object in the next five years are May-October 2007 or
August-December 2009. At that time lightcurve observations at close intervals (20 minutes
between visits, or closer) on consecutive nights will allow one to precisely define the period. All
the data in this chapter should then be re-evaluated in order to define the phase information.
Resolved lightcurve observations indicate that both components of 2003QY90 are
periodic, and helpful for distinguishing which component is primary, and which is secondary.
Their single-peaked periods are 3.4±1.1 hours and 7.1±2.9 hours, respectively. While not known
to great accuracy, these rotation periods are comparable to the rotation period of the secondary of
88611, and of other non-binary KBOs (Osip et al. 2003; Sheppard and Jewitt 2003). They also
indicate that the objects are not in tidal lock, unlike the Pluto-Charon system, but similar to all
other known KBBs.
The lightcurves of 2001QC298 and 66652 indicate that the objects are variable, and
should be studied in the future. The variation of 2001QC298 is on the order of 3.5-6 hours with
an amplitude around 0.2 magnitudes. The lightcurve is not a simple sinusoid, probably indicating
that both the components of this system are variable. The variation of 66652 is fit with a
consistent single-peaked period of 6.4 hours, and an amplitude around 0.1 magnitudes, however,
our observations are poorly spaced, and the lightcurve of the system may be more complicated
than we have observed.
Additional observations should be obtained on all these systems. The results from this
chapter illustrate the importance of well spaced, well timed, and well calibrated follow-up
observations in lightcurve work under good conditions.
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CHAPTER 8: ORBITS OF BINARY KBOS
The mutual orbit of binary minor Solar System bodies is important because they allow us
to determine physical quantities that are not measurable from single sources. If we can
independently measure the diameters of any of these objects, then we can accurately determine
densities that can lead to inferences about composition. Resolved observations of a binary minor
body accumulated over a period of months, or sometimes years, allow for the determination of
the mutual binary orbit through the measurement of separations and position angles of the
secondary with respect to the primary. Seven such observations spaced in time are necessary for
the determination of a unique orbit; however, it is possible to estimate the period and semi-major
axis with fewer observations. In the following sections, I discuss my techniques for accurately
determining the separation and position angle from a given observation, and describe a model
within which we combine our observations for a given object to determine its orbit. Observations
are presented for four KBBs at various stages of completion. Finally, from the binary orbital
elements I calculate system masses, albedos, diameters, and mutual event times.
DEFINITION OF COORDINATE SYSTEM
Observationally, one obtains the position of a moving object with respect to a reference
system defined by stars and galaxies at a given time. If the orbit of such an object is defined
relative to the Sun, then a series of observations over time will lead to a secure orbital
determination. If the source is a binary object, it is interesting to determine the orbit of the
secondary component around the primary (or the mutual orbit of the two around a common
center) in addition to the orbit of the pair around the Sun. This situation is a bit more complicated
but the same basic principles apply. In the following discussion, I define a number of
observational parameters, then present the mathematics for defining such an orbit.
Position angle is defined as the angle of one object relative to another in the direction of
north through east in the sky. The determination of position angle on the sky requires a
transformation from detector coordinates (x,y) to sky coordinates (right ascension, declination;
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at,6). It requires two pieces of information: (1) the detector positions of the objects of interest,
and (2) the relation of the detector coordinates to the sky coordinates. Stated simply, this means
identifying the directions of north and east in an image. In practice, however, this identification
also includes modeling for field distortions in the transformation. For the analysis described in
this chapter, the position of the companion is defined relative to the primary component of a
system.
The astrometric routine I employ (M. Buie's IDL routine, astrom) records the necessary
rotations and flips of the detector image to orient the sky coordinates such that North is up (+y-
axis) and East is to the right (+x-axis). Rotations are applied before flips along either the x
(column) or y (row) axes.
IkT
0
det
P x
Figure 37. Sketch of detector (left) and sky (right) positions.
P and S are the primary and secondary components of a binary, or objects 1 and 2, respectively.
+x is increasing column, +y is increasing row. Odet is the position angle of the secondary in
detector coordinates. We are interested in determining how to rotate an acquired image such that
it matches up with an overlay of the reference system where N is up (+y axis) and E is to the left
(-x axis).
First, I determine the position angle (counterclockwise from the positive x-axis) of the
secondary relative to the primary in detector coordinates, 6Odet, with the Arctan function modified
to return angles from 0-360 ° , Figure 37. To map this position angle onto the sky, OpA, I add the
offset of North, ON on the sky plane from the positive detector x (column) axis through the
positive detector y (row) axis, and note if the right angle to East is to the right (clockwise, cw) or
left (counterclockwise, ccw) direction of North. An additional 90° is then subtracted since the
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astrometric results return the rotation for N along the positive y-axis, and we want to define 0PA
from the negative x-axis. 0PA is therefore defined as:
OPA =odet -N- 90 if East is CCW
OPA (det+0N+90 ° ) if East is CW
(30)
Another way to ensure that the position angle is correct is to simply difference the
measured (a,8) of the components, considering the position of the secondary relative to the
primary in all cases. Initial publications about discovered binaries, and individually discussed
points, are presented with respect to position angle and separation. For my modeling I work in
the x-y coordinate system then translate to Ac, A6 offsets with the astrometric solutions. I
employ the second method as a verification of the first.
ORBIT FITTING
The orbits of Solar System bodies are described by a set of parameters referred to as
osculating orbital elements 13. The orientation of the orbital plane of any body is described with
respect to a standard reference plane (J2000.0), and a few reference points: 0, an origin of
longitude; N, the ascending node of the orbit; and P, the pericenter of the orbit (see Figure 38).
The angles between these points define the orientation of the ellipse: Q, the longitude of the
ascending node (measured in degrees, the angle from a point O in the reference plane to the place
where the object ascends above the reference plane, N), and w, the argument of pericenter
(measured in degrees, the angle between the ascending node, N, and the perihelion point, P). One
additional angle, the true anomalyf, (measured in degrees, the angle between the pericenter
point, P, and the location of the object at the time of observation, S) defines the position of the
object in time. The shape of the ellipse is described by two additional elements, a the semi-major
13 Osculating orbital elements - a set of parameters that specifies the instantaneous position and
velocity of a body in its perturbed orbit. These elements describe the unperturbed orbit that the
body would follow if perturbations on the body were instantaneously stopped.
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axis, and e the eccentricity. If the orbit is inclined with respect to the reference plane, the angle i
measures the inclination.
I,
node of orbit)
(position of satellite)
N (ascending reference plane
node of orbit)
Figure 38. Diagram of the orbit plane of the satellite of a Solar System body.
The non-bold line is the reference plane, J2000.0, the bolded line is the orbit of the satellite. i is
the inclination of the orbit plane from the reference plane. The angles Q, o andf are the longitude
of the ascending node (measured in degrees, the angle from a point O in the reference plane to the
place where the object ascends above this plane), the argument of perihelion (measured in
degrees, the angle between the ascending node and the perihelion point), and the true anomaly
(measured in degrees, the angle between the perihelion point and the location of the object at the
time of observation). Adapted from Seidelmann (1992).
When solving for the orbit of an object there are two useful limits to consider. If the
eccentricity or inclination of the orbit is small, then the pericenter or ascending node,
respectively, is poorly defined. The locations of the points O and S, however are well defined.
Therefore, the sum of the angles is well defined even if the angles themselves are ambiguous.
This ambiguity is true for many Solar System satellites, however it appears that most KBBs have
substantial eccentricies and inclinations.
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In order to discuss the orbital elements in a useful coordinate space for comparison with
actual observations, it is helpful to represent the positions of the object at specific times in the
orbit. In Figure 39, E is the eccentric anomaly, or the angle obtained by drawing the auxiliary
circle of the orbit ellipse, and M is the mean anomaly14 at a given time,
M= E-esinE.
(31)
I convert between the osculating elements to x,y,z in the orbital plane, where the x-axis is toward
the pericenter with the relation
x = a(cos E - e)
y = a(a - 2)2 sinE
(32)
AC=CQ=a
CF =ae
QR = a sinE
CR = acos E
RF = ae - acos E
PR = a(b/a) sinE
Figure 39. Illustration of the eccentric anomaly.
The eccentric anomaly is the angle obtained by drawing the auxiliary circle of the orbit ellipse
with center, C, and focus, F. The area of a section of the ellipse is defined by AE, and the sample
delta area is defined as A(i)-Ap(i-l) where i is whatever step size one requires for analysis; the
discussion in Chapter 9 uses a step size of 1 degree. Line segments of interest are defined to the
right.
We convert the x,y,z coordinates in the sky plane 15 to (Ax,A6) in the observing plane. In
this way we can directly compare the model with our observations. Conversion from the x,y,z to
14 Mean anomaly is defined in the model as 27t times the difference of the time of observation
and the time of pericenter divided by the period.
15 The plane perpendicular to the line of sight of the observer.
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f,g,h (where h is along the line of sightf is in the direction of right ascension, and g is in the
direction of declination) space in kilometers, follows from Elliot et al. (1993).
Two coordinate transformations are necessary: first to the XYZ rectangular coordinate
system J2000.0 (our reference plane for the orbit), then to the describedfgh system. We represent
the coordinates by the rotation matrices (Equations 2.119-2.121, Murray and Dermott 1999):
(cosw) -sincw 0 1 0 0
Rl =sincw coso 0 , R2 = 0 cosi -sin i,
0 0 1 0 sini cosi
cosQ -sinQ 0 X x
R3 = sinQ cosQ 0 , and =R3R2R{YJ
0 0 I Z Z
(33)
and (Equation 23, Elliot et al. 1993):
/A A A A A\
RxYZ -. fgh = . X ^ Z =
h@X i.Y h.Z
cosa 0
-sinasin6 cos
sinacos6 sin6b
(34)
Here (a,8) is the position of the primary. The resultant (fg) values in km are divided by
the distance to the primary then converted to arcseconds so they can be directly compared with
the observations.
Armed with a projection of where we would expect our observations to be at a given time
based on a set of proposed orbital elements, we perform a weighted (in both coordinates) least
squares fit to the observations. Our fitted parameters include the period, semi-major axis,
eccentricity, inclination, ascending node, argument of pericenter, and time of pericenter, fit in
that order.
Since orbit fitting is a non-linear process, it is important to find a good set of starting
values. Initially these values are chosen by eye then refined prior to least square fitting by
searching the phase space for each element individually while the other parameters are held
134
fixed. The test values versus the sum of the squares of the residuals between the model and the
data are plotted, and the values at the minimum residual are chosen for further fitting. The
parameters are individually tested in the order of pericenter, eccentricity, inclination, semi-major
axis, period, and ascending node. For all elements measured in degrees (argument of pericenter,
inclination, and ascending node) the phase space is 0 to 2ir in steps of t/18. Eccentricity is
searched in steps of 0.05 from 0 to 0.95. The search range for period and semi-major axis depend
on the separation of the body. The mean projected separation is chosen as the center point for
testing semi-major axis possibilities in steps of 400-500 km for the range of half the mean to
double the mean. The corresponding periods are tested in steps of 10-50 days (depending on
what is reasonable). Once the set of starting parameters are found, they are put into a model
where different subsets, or all, of the parameters can be varied together to find the best orbit
solution.
Four KBBs were observed for orbital information during the course of this thesis: 88611,
2003QY90, 2003UN284, and 2005EO304. Each object is analyzed to a different level of
completeness due to the number of observations obtained, and the interval of the binary orbit that
was sampled. I present a full orbit solution for 88611, a preliminary orbit for 2003QY90, and
limits on the period and semi-major axes of 2003UN284 and 2005EO304 since both have
observations on only one side of the primary.
(88611) 2001QT297
As described in Chapter 6, images collected on 1 August 2001 (Figure 40) revealed
88611 to be binary in nature (Elliot 2001a; Elliot 2001b). An initial orbit for this object was
determined by Osip et al. (2003) with data obtained through the end of 2002 (Table 20). I update
these results by including more recent data points from 2003 and 2004 (Table 21, all data points)
with the goal of decreasing the uncertainties on the parameters. I modify the starting values
slightly by optimizing them around a range of values spanning those given, and plotting this set
of values versus the sum of the squares of the residuals between the model and the data. I choose
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the value that gives the minimal residual to be the starting point for each value for our fitting. I
consider the argument of pericenter first, followed by the eccentricity, the inclination, the semi-
major axis, the period. and ascending node. I do not modify the time of peri center in the initial
choice of the elements (I interpret the "Epoch" listed by Osip et ai. (2003) to be the time of
pericenter).
-(I.B -o.~ -0.1 0.0 0.2 o.~ ().i1
~c
Figure 40. Discovery image of the 8861 I binary.
Collected under better than 0.45 arcsec seeing conditions recorded at Las Campanas Observatory
with Magellan and the MagiC instrument on October 10, 2001. The separation between the
components is 0.606:t0.005 arcsec and the delta magnitude is 0.55 magnitudes (Elliot 2001a;
Elliot 2001 b).
TABLE 20. ORBITAL PARAMETERS FOR 88611
Parameter Osip et ai. (2003) Orbit Solution I
Period (days) 876:t227 825:t3
Semi-major axis (km) 3 I409:t25 00 27300:t343
Eccentricity 0.3 I :to.08 0.240:tO.003
Inclination (degrees) 128.1 :t6.5 60.0:tO.9
Ascending node (degrees) 96.7:t13.4 58.7:t1.8
Argument of pericenter (degrees) 330.3:t22.4 33 I .6:t 1.4
Time of pericentera (10 - 2450000) 2 I97:t45 2202:t2
Reduced Chi-Square 4.72° 1.35
a 10 at midtime of observation, not corrected for light time.
n Calculated from the parameters and data points, not reported in Osip et ai. (2003)
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TABLE 21. 88611 AVERAGE OBSERVATIONS
Date JD Average Average
Aa (") a ( )
2001-10-11a 2452193.53913 -0.58+0.04 0.25±0.03
2001-11-02a 2452215.52071 -0.60-+0.07 0.15±0.11
2001-11-03a 2452216.51239 -0.53-0.13 0.15±0.07
2001-11-04a 2452217.33398 -0.61+0.15 0.18±0.16
2002-07-13a 2452468.78616 0.31±0.04 -0.71±0.04
2002-07-18a 2452473.78543 0.36±+0.07 -0.69±0.06
2002-08-17a 2452493.69200 0.44+0.10 -0.46±0.04
2002-09-08a 2452525.73337 0.83-0.05 -0.28±0.16
2003-07-09 2452829.83668 0.65+0.06 0.43±0.09
2003-08-03 2452854.75068 0.59±0.08 0.50±0.07
2003-10-23 2452935.57263 0.01+0.04 0.53±0.03
2004-05-25 2453150.85991 -0.40±0.05 -0.48±0.09
2004-09-13 2453261.65186 0.13±0.03 -0.70±0.01
a data used in initial orbit solution, Osip et al. (2003)
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Figure 41. Orbit solution for 88611.
Each point is an average of the points collected on a given night. The model is a weighted fit to
the points, and the lines drawn between the points and the model demonstrate where the points
should have been at that time of observation. North is up and East is to the left, a point for the
primary is plotted at (0,0). The points at (-0.75, -0.5) and (0.45, 0.45) with high residuals have
been left out of the final orbit fit and chi-square calculation.
Figure 41 displays the plot of the orbit solutions in comparison with the data points.
Table 20 gives the fitted parameters in comparison to the Osip et al. (2003) results (which
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includes only the first ten points). The chi-square of this fit is 25.64. Thirty points (fifteen pairs
of points) were available for use, after four points (two pairs) were removed because their
residuals were unreasonably large. All seven parameters were fit. The 95% confidence interval
for this set of points and model yields a chi-square from 14.83-54.71, or reduced chi-square from
0.78-2.87.
2003QY90
Continued observations of 2003QY90 after discovery of its duplicity in October 2003
have resulted in enough data points to determine a preliminary orbit. A log of observations is
found in Table 22, and sample images from each night of observation where resolved images
were collected can be found in Figure 42. Notice that the brightness of the components is
comparable in most cases, and that in panels c & d, the component that appears brightest
reversed between nights. I define the primary to be the component with the brightest average
magnitude in lightcurve observations in 2004 September and 2005 July. Sample images for these
times are found in panels b, c, and d of Figure 42.
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Figure 42. Sample images of 2003QY90.
Collected during each epoch with MagIC (plate scale of 0.069 arcsec/pixel) on the Clay 6.5-m
telescope at Las Campanas Observatory, all in better than 0.5 arcsec seeing conditions. North is
up and East is to the right; each box is 2.3 arcseconds on a side. Notice the comparable brightness
of the components in each image.
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TABLE 22. LOG OF OBSERVATIONS FOR 2003QY90
Observation Date No. Filter Regimea Notes
(UT) Frames
2000-08-27 2 VR 3 Prediscovery observations
2003-08-24/25 4 VR 3 Discovery of 2003QY90
2003-09-28 2 VR 3 Recovery observation
2003-10-23 3 Sloan r' 1 Binary nature discovered, binary orbit
2004-10-24 6 VR, 3 Refine astrometric position of pair
Sloan r'
2004-05-28/29 5 Harris R 3 Refine astrometric position of pair
2004-08-22 5 VR 3 Refine astrometric position of pair;
combined lightcurve
2004-09-13 6 Sloan i' 1 lightcurve observations of individual
components, binary orbit
2005-04-15 5 Sloan i' 3 Refine astrometric position of pair;
combined lightcurve
2005-06-08 2 Sloan i' 1 Binary orbit
2005-06-09 2 Sloan i' 1 Binary orbit
2005-07-08 2 Sloan r' 1,2 Binary orbit, lightcurve follow-up
2005-08-09 4 Sloan i' 1 Binary orbit
a indicating the photometry regime for analysis, see Chapter 4.
Although astrometric measurements for the two components of 2003QY90 have been
made at five distinct epochs, the lightcurve effects of both components complicate the
interpretation. The "primary" and "secondary" components cannot necessarily be identified by
their brightness with respect to each other. Table 23 presents the observations including (1)
reference epoch, (2) observation date, (3) number of observations, (4) the time span of the
observations, (5) mid-time of the observations in JD, (6-7) position angle and separation in
arcseconds of the identified "secondary" component, (8) delta magnitude between components,
(9-12) filters of observation and apparent magnitude of each component, and (13-16)
observational parameters of geocentric distance, heliocentric distance, Sun-Earth distance, and
phase angle.
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TABLE 23. MEASURED AND GEOMETRIC QUANTITIES FOR 2003QY90
Epoch Observation Date Ata Mid-time observation Pos. angle Sp Ab rb Rb b
(UTr) (hrs) (JD) (°) (arcsec) (AU) (AU) (AU) (°)
2003 2003-10-23 1.1 2452935.53841 125±5 0.41±0.02 44.5744.970.9951.16
2004 2004-09-13 5.4 2453261.61952 300±3 0.38±0.01 44.0644.971.0060.55
2005a 2005-06-08 0.8 2453529.89323 124±2 0.28±0.01 44.6244.971.0151.22
2005a 2005-06-09 0.1 2453530.83826 125±4 0.29±0.02 44.6044.971.0151.21
2005b 2005-07-08 0.1 2453560.83068 118±3 0.36±0.01 44.2144.971.0160.86
2005c 2005-08-09 1.1 2453591.69560 114±1 0.349±0.00443.9744.971.0130.25
a time span of observations
bA - geocentric distance; r- heliocentric distance; R - Sun-Earth distance; a- phase
angle.
TABLE 24. PHOTMETRIC QUANTITIES FOR 2003QY90
Epoch Mid-time observation Filter Am Apparent Magnitude
(JD) (mag) mlap ams mca
2003 2452935.53841 Sloan r' 0.20±0.20 23.78±0.10 24.03±0.12 23.14±0.04
2004 2453261.61952 Sloani' 0.43±0.10 23.39±0.17b 23.88±0.39b 22.83±0.09b
2005a 2453529.89323 Sloan i' 0.16±0.10 23.23±0.07 23.09±0.06 22.46±0.03
2005a 2453530.83826 Sloan i' -0.60±0.20 22.83±0.10 23.40±0.13 22.32±0.03
2005b 2453560.83068 Sloan r' 0.16±0.11 23.87±i0.12 24.08±0.16 23.22±0.06
2005c 2453591.69560 Sloan i' -0.19±0.04 23.32±0.07 23.13±0.06 22.47±0.06
a
amkbpp-apparent magnitude of the identified "primary" component; mbp- apparent
magnitude of the identified "secondary" component; mkbc- apparent magnitude of the
combined light of the binary components
baverage magnitude, uncertainty is based on the scatter in these measurements which is
greater than the formal uncertainties on the individual magnitudes.
For the September 2004 observations, where lightcurve information was obtained, I
define the primary component to be the component that is on average brightest over our six hours
of observation. The identification of components in the discovery data are less certain as there
are only three data points in time: the brightness of the components is comparable and does not
vary greatly during the observations. During the 2005 June epoch, the brightest component
changed between the two nights of observation. In July there are only two observations where
the components are resolved, however, lightcurve measurements were also continued at this time
(acquired too close to the due date of this thesis for a full analysis of that dataset to be included).
Most of the images fall in regime 2. With a span of observations over 6 hours we can again
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identify which component is on average brightest, and define that to be the primary for all the
2005 epochs.
Table 25 presents the position measurements for my individual observations including
the observation date, midpoint Julian date of the observation, delta RA and Dec of the defined
secondary, the delta magnitude of the components (secondary to primary), and the seeing in each
image. Below each set of individual observations the weighted average position for the night is
recorded.
TABLE 25. 2003QY90 INDIVIDUAL OBSERVATIONS
Observation Date JDa Act A6 Am Seeing
(UT) ("I) ("9) (mag) (")
2003-10-23 2452935.51159 0.37:0tO.04 -0.19±0.04 0.08-0.26 0.49
2452935.53841 0.21:0.13 -0.17±0.14 -0.40:1.54 0.39
2452935.58960 0.28±0.04 -0.300O.04 0.41-0.31 0.52
Average 2452935.55059 0.33±0.03 -0.24*0.03 0.20*0.20 0.47
2004-09-13 2453261.54527 -0.26i0.03 0.20±0.04 0.03±0.40 0.50
2453261.54905 -0.36±0.04 0.21±0.04 0.47:0.25 0.52
2453261.59351-0.35±0.02 0.15±0.02 0.35±0.15 0.42
2453261.64553 -0.33:t0.02 0.17±0.03 0.13±0.20 0.44
2453261.72701 -0.27:0.06 0.38*0.06 1.48:0.28 0.51
2453261.77082-0.29±0.07 0.17±0.08 0.39±0O.95 0.65
Average 2453261.43249-0.32*0.02 0.19*0.02 0.430.10 0.51
2005-06-08 2453529.87634 0.23±0.01 -0.16±0.02 0.26±0.14 0.30
2453529.91012 0.23±0.01 -0.15±0.02 0.01±0.16 0.34
Average 2453529.89323 0.23±0.01 -0.15*0.01 0.16*0.10 0.32
2005-06-09 2453530.83638 0.22±0.03 -0.14±0.03 -0.53±0.35 0.39
2453530.84014 0.26±0.03 -0.19±0.03 -0.64±0.25 0.42
Average 2453530.83826 0.24*0.02 -0.170.02-0.60*0.20 0.41
2005-07-08 2453560.82880 0.33±0.05 -0.16±0.05 0.26±0.40 0.42
2453560.83256 0.31±0.01 -0.17±0.02 0.16±0.12 0.40
Average 2453560.83068 0.32±0.01 -0.17±0.02 0.16±0.11 0.41
2005-08-09 2453591.66774 0.33*0.01 -0.15*0.01 -0.22±0.07 0.32
2453591.67168 0.32±0.01 -0.14*0.01 -0.15±0.07 0.32
2453591.71953 0.32±0.01 -0.15±0.01 -0.25±0.07 0.28
2453591.72332 0.30±0.01 -0.15±0.01 -0.14*0.08 0.29
Average 2453591.6956050317±0.005-0.1460.005 -0.19*0.04 0.30
a mid-time of observation
Given the data points, I searched a range of possible orbits. The data point for the
discovery images has the largest uncertainty and also an ambiguity in component identification. I
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determined that it was possible to fit a preliminary orbit excluding this point (using epochs 2004
ad 2005a-c), and then to determine where this point belonged on the fitted orbit. From the times
and positions, a number of constraints exist. The observations taken in the 2005a&b epochs were
recorded 30.9 days apart. Since these observations were acquired close in time, the component
identification is consistent, regardless of the brightness of the components. The secondary moves
negligibly in one day and -6.5 degrees between the observations in June and July (a rate of 0.215
degrees/day). Translating this rate to a period implies a period of .1667 days, much longer than
is reasonable for any physical model, and inconsistent with the first two observations. This limit
suggests that the orbit is likely elliptical and significantly tilted to our line of sight. For example,
an edge-on circular orbit would appear to change little in position angle with time, while a face-
on circular orbit would change relatively quickly in position angle but not in separation. The
observations indicate a change in both position angle and separation.
Since the observations in 2004 and 2005 are nearly opposite each other in space, the
separation times provide clues to the orbital period, and I assume a minimum semi-major axis of
13,100 km (the projected separation for our farthest point). Approximately 268 days have passed
between these observations, and it appears that periods of the order 530, 180, and 110 days,
corresponding to the passing of 0.5, 1.5 or 2.5 periods during this time are reasonable. Because
the rate of motion between the 2005 data points is slow, periods less than -100 days seem
unlikely. The motion of the secondary component is in the direction of east through north with a
decreasing position angle.
Starting with these constraints in my model, I fit two orbits whose results are described in
Table 26, and illustrated in Figure 43. The period and semi-major axes of these two orbits are
consistent within two standard deviations. The main distinction between the orbits is in the
inclination of the orbit plane. However, the reduced chi-square for these orbits are unreasonably
low, therefore, it is clear that additional measurements must be acquired to correctly interpret the
observations. In particular, measurements evenly distributed around the orbit would be of great
value.
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Figure 43. Possible orbits for 2003QY90.
Component identification for the discovery data is in question. This data point is displayed in
both panels with a long residual line, it is not used in the orbit fit. North is up and East is to the
left. A cross denotes the position of the primary at (0,0). Component identification for data in
2004 and 2005 utilizes separable lightcurve measurements; resolved lightcurves were not
acquired during the discovery epoch. The reduced chi-square for these fits is unresonably low
indicating that we do not yet have a correct understanding of the orbit with the current dataset.
TABLE 26. ORBITAL PARAMETERS FOR 2003QY90
Parameter Orbit Solution 1 Orbit Solution 2
Period (days) 460+8 444±+9
Semi-major axis (km) 13773+254 14212±+343
Eccentricity 0.21-0.02 0.30-0.03
Inclination (degrees) 33.8±0.3 154.0±0.3
Ascending node (degrees) 111.6-0.6 315.4±0.9
Argument of pericenter (degrees) 2+±5 314±+2
Time of pericentera (JD - 2450000) 2707±+17 2744±+15
Reduced Chi-Squareb 0.033 0.038
a JD at midtime of observation, corrected for light time.
bThe reduced chi-square for these fits is unresonably low indicating that we do not yet
have a correct understanding of the orbit with the current dataset.
2003UN284
The primary of 2003UN284 was discovered by the DES (Millis et al. 2002; Elliot et al.
2005) on 24 October 2003 at KPNO using the Mosaic Camera on the Mayall 4-m telescope. Its
secondary was found in the discovery images, Figure 44 (Millis 2003). A number of recovery
observations reveal that, dynamically, this pair resides securely in the Classical population of the
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Kuiper belt with a semi-major axis of 42.680:tO.004 AU, an eccentricity of 0.008:tO.003, and an
inclination of 3.076:tO.00l degrees. Observations through March 2005 give this pair a 1.38-year
arc on its orbital position.
Figure 44. Discovery images of the duplicity of 2004UN284.
Collected on 24 October 2003 at KPNO with the 4-m telescope and Mosaic combination (Millis
2003). Each pixel in the image is 0.52 arcsec square. The primary is in the center, its companion
to the left, and a field star lies to the left of the secondary.
Figure 45 plots the position of the secondary relative to the primary for all the
observations of 2003UN284 to date with sufficient SIN and resolution (Table 27 and Table 28
give the observational circumstances and individual observations). This object was discovered as
a widely separated binary in the DES discovery data (Figure 45, point at 10-24-03), however,
more recent observations indicate that the secondary is coming towards pericenter and is likely
on an eccentric orbit (Figure 45, point at 09-13-04), or we are viewing it from a very tilted
geometry. 324.9 days have elapsed between the first and last data points. If the orbit is highly
elliptical, we might expect the perihelion visit to take it very close to the primary and quickly
swing it back out. If the orbit is circular but tilted, we might expect the secondary to appear to
move very slowly, spending a substantial amount of time in the region we view as near
perihelion. Assuming the widest separation to be a minimum semi-major axis, and using the
timing of our points to estimate a period, 2003 UN284 has a>64,OOOkm, and P< 1700 days. It
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has a primary magnitude of 23.2 in the VR filter, a delta magnitude of 0.59, and diameter ratio of
1.3.
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Figure 45. Positions of the 2003UN284 binary components.
The last observation indicates that the secondary is moving towards perihelion and the orbit is
likely elliptical, and/or we are viewing from a very tilted geometry. North is up and East is to the
left, a point for the primary is plotted at (0,0).
TABLE 27. LOG OF OBSERVATIONS FOR 2003UN284
Observation No. Mid-time Pos. Sp A r R a
Date (UT) pts. observation (JD) angle (") (AU) (AU) (AU) (0)
(0)
2003-10-24 2 2452936.9277 56±+4 2.04±0.14 41.57 42.48 1.0 0.56
2003-11-20 2 2452963.8090 59±6 2.12±0.19 41.49 42.48 0.99 0.07
2003-11-24 2 2452967.7959 71+8 1.87±0.23 41.50 42.48 0.99 0.16
2004-01-14 2 2453018.5661 52±+3 1.64-0.09 41.98 42.48 0.98 1.14
2004-01-15 12 2453019.5764 53+1 1.69-0.04 41.99 42.48 0.98 1.15
2004-03-15 S/N not high enough for converged result 42.99 42.48 0.99 1.15
2004-09-13 3 2453261.8893 40+2 1.01+0.03 42.07 42.49 1.0 1.24
2005-03-12 S/N not high enough for converged result 42.93 42.49 0.99 1.19
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2003UN284 INDIVIDUAL
JD a
(A)("1)
245293.688129
245293.697409
average
245296.377327
245296.384466
average
245296.775805
245296.783369
average
245301.855395
245301.857822
average
245301.955509
245301.955912
245301.956294
245301.956678
245301.957066
245301.957449
245301.957826
245301.959368
245301.959752
245301.9613
245301.961685
245301.962078
average
1.64_-+0.18
1.78-+0.26
1.68-0.15
1.54-+0.28
2.06_-0.27
1.80±+0.20
1.98_+0.39
1.65-0.29
1.77±+0.23
1.18_+0.50
1.30_+0.09
1.29±+0.09
1.19_-0.08
1.24-+0.12
1.62_-0.09
1.49-+0.16
1.41-+0.13
1.34_+0.14
1.30_+0.13
1.20-+0.15
1.20_+0.20
1.42_-+0.21
1.32±+1.20
1.45_+0.44
1.34±+0.04
('A)("1)
1.18-+0.18
1.07_-0.28
1.15±+0.15
1.03_+0.30
1.19_+0.28
1.12_±0.21
0.89-0.40
0.40_+0.32
0.59_+0.25
0.89_+0.50
1.01±0.10
1.10_+0.09
1.11_-+0.08
0.99_-0.12
1.00_-+0.09
1.04_+0.16
0.98_+0.13
1.02+0.14
0.78_+0.13
1.24+0.15
1.05_+0.21
0.93+0.22
1.22_±1.20
1.11-+0.35
1.02±0.04
Am Seeing
(mag) (")
0.66_-+0.28 1.25
0.65_-+0.36 1.39
0.65_0.22 1.32
0.46-+0.39 1.43
0.94_-0.32 1.63
0.75±0.25 1.53
1.28-+0.44 1.75
0.95_-0.43 1.49
1.11±0.31 1.62
2.91_+0.95 0.92
0.51-0.21 0.82
0.62+0.20 0.87
0.88-0.17 0.85
0.99_+0.22 1.05
0.68_-+0.16 1.07
0.94_-0.29 1.02
0.75_-+0.24 1.03
1.03_-0.25 1.07
0.75-+0.24 1.08
0.58_+0.25 1.18
0.83_+0.31 1.45
0.68_+0.31 1.50
1.12±+1.68 1.42
0.50-0.48 1.57
0.80±+0.07 1.19
245326.188551
245326.188939
245326.189329
average
0.71_+0.05
0.65_+0.06
0.59_+0.05
0.65±+0.03
a mid-time of observation
0.74_-+0.05
0.75+0.06
0.81 -0.05
0.77_±0.03
0.49-+0.16 0.56
0.19_-0.19 0.52
0.62_-+0.16 0.54
0.47±+0.10 0.54
2005EO304
The primary of 2005EO304 was discovered by the DES (Millis et al. 2002; Elliot et al.
2005) on 2005 March 11 at KPNO using the Mosaic Camera on the Mayall 4-m telescope. It was
observed one month later by the Clay 6.5-m Magellan telescope as part of our recovery program
for DES objects. Images under 0.7 arcsec seeing conditions recorded with MagIC revealed
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TABLE 28. OBSERVATIONS
2005 E0304 to be binary in nature with a separation of 2.67:tO.06 arcsec, Figure 46 (Kern 2005).
After discovery on the MagiC frames, the DES data were re-inspected and the secondary
component was found to be visible there as well. Since the secondary is so well separated from
the primary the expected motion between these two observations should be very small. The
observations are found numerically in Table 29 and Table 30, and displayed graphically in
Figure 47. The secondary component is 1.2:tO.l magnitudes fainter than the primary.
Observations from these three epochs, an arc-length of 87.69 days, are not enough to
dynamically classify this pair. As of June 2005, the solar orbit has a semi-major axis of 45.1:tO.l
AU, an eccentricity of 0.06:tO.ll, and an inclination of 3.414:tO.002. Additional observations
are required to keep track of both the primary and secondary components at this time.
Assuming the widest separation to be a minimum semi-major axis, and using the timing
of our points to estimate a period, 2005E0304 has a>86,800km, and P<7400 days. It has a
primary magnitude of 22.5 in the VR filter, a delta magnitude of 1.2, and diameter ratio of 1.7.
Figure 46. Discovery observation of the duplicity of 2005E0304.
Collected on 2005 April 15.2 UT at Magellan (+MagIC) in -0".7 seeing (Kern 2005). The
secondary lies 2".67+/-0" .06 from the primary, and is 1.2:tO.l magnitudes fainter in the VR filter.
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Figure 47. Positions of the 2005E0304 binary components.
North is up and East is to the left, a point for the primary is plotted at (0,0). Since this object was
just recently discovered we only have a rate of motion over three months. This tells us that the
secondary has reached its apoapse and is moving towards perigee. The direction of motion is east
through north.
TABLE 29. LOG OF OBSERVATIONS FOR 2005EO304
Observation No. Mid-time Pos. angle sp A r R a
Date (UT) pts. observation (JD) (0) (") (AU) (AU) (AU) ()
2005-03-12 3 2453441.8906106.7+2.3 2.79±+0.11 42.90 43.84 0.993 0.44
2005-04-15 2 2453475.6703 105.7+±1.3 2.67+0.06 42.87 43.84 1.003 0.44
2005-06-07 2 2453528.5832102.5±0.62.52±0.03 43.43 43.84 1.014 1.21
TABLE 30. 2005EO304 INDIVIDUAL OBSERVATIONS
JDa Act (") Ab (") Am (mag) Seeing (")
2453440.93703 2.75+0.13 -0.86+±0.14 1.21_±0.11 1.11
2453441.89056 2.54_-0.23 -0.79+±0.24 1.26_-0.21 0.96
2453441.98852 2.42_+0.37 -0.42+±0.36 1.10+-0.27 1.52
average 2.67±0.11 -0.80±+0.11 1.18±0.15 1.20
2453475.65806 2.56+0.07 -0.77_+0.07 1.67+0.47 1.41
2453475.68248 2.61±+0.11 -0.63±0.11 1.14+-0.21 1.15
average 2.58±0.06 -0.73±0.06 1.22±0.10 1.28
2453528.53737 2.45+0.03 -0.56_+0.03 1.64+0.09 0.63
2453528.62898 2.48+-0.06 -0.51±_0.06 1.42_+0.15 0.76
average 2.46±0.03 -0.55_±0.03 1.58_+0.08 0.70
a mid-time of observation
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PHYSICAL APPLICATIONS OF ORBIT SOLUTIONS
System Mass, Albedo and Diameters
Given the orbit of a satellite, one can employ Kepler's laws to calculate the mass of the
system where a is the semi-major axis, P is the period, and G is the gravitational constant:
(mp + m,) = 4r 2 a3/GP 2
(35)
The system mass for 88611 with the new orbit solution is (2.36±0.01)x 1018 kg. This
value is somewhat lower than the original estimate of -3.2 x 1018 kg. Similarly, we calculate the
system mass of 2003QY90 to be (1.0±0.2)x1018 kg. In general, shorter periods yield high system
masses while longer periods yield smaller system masses. These are mostly consistent with the
values known for other KBB systems (Veillet et al. 2002; Noll 2003; Osip et al. 2003; Margot et
al. 2004; Noll et al. 2004a; Noll et al. 2004b).
Combining the photometry with the assumption that the primary and secondary
components have equal densities, p, and geometric albedos in the observed bandpasses (Sloan r'
and Sloan i'), p, we can determine the range of albedos for these objects for a plausible range of
densities, 500-2500 kg/m3. In Equation 36, r and A are the heliocentric and geocentric distances
to the KBO, respectively, R is the distance between the Sun and the Earth, at is the phase angle, f3
(0.14 mag/deg, Belskaya et al. 2003) is the phase coefficient, msun is the apparent magnitude of
the Sun in the given filter, and mnkbop and mkbos are the apparent magnitudes of the primary and
secondary binary components. We employ the transformation equations of Fukugita et al. (1996)
and photometric values for the Sun in the standard Johnson-Cousins system (Cox 2000) to find
the Sun's apparent Sloan r' magnitude of -26.96:
-2/3
=[ 4A3r3 p [(1 0 -0.6(af-m,,,I) )(10-.6mkI,, + 10-O.6m,s )]]
P3R3(mP + ms) J(
(36)
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The Sloan r' geometric albedo of the 88611 components is between 0.08 and 0.26 (Figure
48), and the Sloan i' geometric albedo of the 2003QY90 components is between 0.1-0.36 (Figure
49) depending on the density.
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Figure 48. 88611, plot of Sloan r' geometric albedo as a function of density.
Based on the fitted orbit parameters (Table 20), their uncertainties and our photometry. The solid
line is based on the first solution, the dashed lines denote the implications of the uncertainties on
this solution.
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Figure 49. 2003QY90, plot of Sloan i' geometric albedo as a function of density.
Based on the fitted orbit parameters (Table 26), their uncertainties and our photometry. The two
solid lines are based on the two orbit solutions, the dashed lines denote the implications of the
uncertainties on these solutions in either direction.
Next, we plot the range of diameters for the components of 88611 in Figure 50 by
assuming equal geometric albedos in the observed filter, and employing equation 37, where mkbO
is the apparent magnitude in the observed filter of the relevant binary component, and all the
other quantities have been previously defined:
d= 2Ar 0- 02 ( mk +a-m,,)
RX
~
(37)
Recent studies of the colors of KBB components by Margot (2005, private
communication) indicate similar colors, suggesting that it is not unreasonable to assume common
densities and albedos for these objects. Assuming a density of 1000 kg/m3 for both components
yields a common albedo of 13.8_+0.2%, and diameters of 155_±4 and 103+5 km for the primary
and secondary, respectively in the Sloan r' filter. For 2003QY90 at the same density, we find a
common albedo of 17.5+1.0%, and diameters of 111+±8 and 88+±14 km for the primary and
secondary components, respectively in the Sloan i' filter. The diameter ratio of the components is
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1.25±+0.11. For 2003UN284 and 2005EO304 at densities of 1000 kg/m3 and an assumed common
albedo of 0.1, component diameters are 148±7 km and 220±10 km for the primaries and 110±+10
km and 125±8 km for the secondaries, respectively in a VR filter.
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Figure 50. Plot of possible diameters for 88611 for a range of Sloan r' geometric albedos.
Combining the diameters and estimating the masses of the primaries by
mp = (m + ms) - (413)prs
(38)
allows for calculation of the Hill radius of an object (described in Chapter 2). For 88611, the
primary mass is -1.82x1018 kg and the Hill radius is -443,000 km. For 2003QY90, the primary
mass is '(0.63)x 1018 kg and the Hill radius is -(318,000) km. The semi-major axis of the
secondaries are 5.6% and 4.7% of the Hill radii of the primaries, respectively. These values are
similar to the ratios found for other Solar System binaries (Noll 2003; Noll et al. 2004a; Noll et
al. 2004b).
Mutual Events
Mutual events occur for a binary system when the primary and secondary components
eclipse (companion to an object passes in front of its primary) and occult (companion to an
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object disappears behind the disk of the primary) each other. For small bodies, such observations
can be used to determine the size, shape, and possible atmosphere or multiplicity of an object.
The calculation for mutual events of a binary system is based on a fundamental plane
through the center of the Earth, and perpendicular to the line between the primary and the
secondary component (the axis of the shadow). The center of the Earth is the origin of the
coordinates: the x-axis is the intersection of the Earth's equator and the fundamental plane
(positive towards East), and the y-axis is perpendicular to the x-axis and positive to the North of
the fundamental plane. Besselian elements at the time of conjunction of the primary and
secondary in RA, when x is 0, describe the geometric situation at the time To in UT of the
conjunction in right ascension.
Of the objects discussed in this chapter, only 88611 and 2003QY90 have orbits well
enough defined to specifically predict when mutual events will occur. For 88611, additional
observations will refine the timing, but with the current orbit solution, I project mutual events in
2095. The change in orientation of the orbit is illustrated in Figure 51. For 2003QY90 mutual
events recently occurred in 1976 or will occur in 2015, depending on which orbital solution is
correct. 2015 is the closest mutual event projection for any KBB discovered thus far.
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Figure 51. Mutual events for 88611.
Sample progression of orbital geometry for 88611 leading up to mutual events in 2095 (the lower
right frame).
SUMMARY
I have determined the orbits of two KBBs and presented limits for two other binaries that
need additional observations before they can be fully interpreted. Table 31 presents an outline of
my results, and Table 32 compares all the binary systems currently known. The mass and Sloan
r' geometric albedo of 88611, 13.8+0.2% for a density of 1000 kg/m3, place it about average
among the list of binary KBOs with currently determined orbits. 88611 is also a Spitzer Space
Telescope (SST) target, so our well defined orbit combined with a more accurate diameter will
allow us to determine density, and consider the internal structure of these objects.
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TABLE 31. SUMMARY OF PHYSICAL APPLICATIONS FROM BINARY ORBITS
Object Dynamical System Albedo range; Diameter Diameter Mutual
Class mass for p=1000 P; Sa ratio events
(x 1018) kg kg/m 3
(88611) CL 2.36+-0.01 0.08-0.26; 155±4; 1.5±0.05 2095
2001QT297 0.138-0.002 103±5
2003QY90 CL 1.0±0.2 0.1-0.36 111+±8; 1.25±0.11 1976;
0.175+0.010 88+14 2015
2003UN284 CL >7.2b -- 148+±7; 1.3±0.06 --
110+±10
2005EO304 -- >9.5b 220±+10; 1.7±0.07 --
125±+8
aat p=1000 kg/m3
b based on lower and upper limit estimations for the semi-major axis and period, respectively.
Current analysis on 2003QY90 finds two equally probable orbits. Both components of
the system are highly variable in their brightness. For a density of 1000 kg/m 3 the components
have a common Sloan i' geometric albedo of 17.5+±1.0%. Mutual events for one of the orbits
could be observed in 2015. As with 88611, 2003QY90 is also a SST object. Combined results
will lead to a density determination.
At least two more observations are required on 2003UN284, the most valuable points are
on the other side of the primary from where the secondary has thus far been observed. The most
recent observations indicate that the secondary is coming towards periapse and is likely on an
eccentric orbit. If the orbit is highly elliptical we might expect the pericenter visit to take it very
close to the primary, and quickly swing it back out. Additional observations will allow for a
system mass to be determined.
2005EO304 was discovered near the end of data collection for this thesis. I have included
its characteristics in this chapter as I anticipate following up on these observations in the future.
The fact that the discovery and recovery measurements place the secondary in nearly an identical
position, and are separated by about a month, indicate that the secondary is slowly moving. This
slow apparent motion is expected given the object separations. It would not be surprising, given
the characteristics of the known binaries, for this object to have a relatively large eccentricity.
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CHAPTER 9: FREQUENCY OF BINARY KBOS
ORBIT CHARACTERISTICS OF BINARY KUIPER BELT OBJECTS
If an object is binary, the orbit of the companion significantly influences if the binary
nature can be detected under a given set of conditions. For space-based observations, these
conditions are relatively unchanging. For ground-based observations, each observation is unique
due to the instability of the atmosphere.
Assuming the separation of the companion is above the detection limit (Figure 52a), for a
simple circular orbit, the inclination of the binary orbit determines its detectability. If an orbit is
face-on (90° inclination) then the secondary should be visible all the time. If the orbit is edge-on
(0° inclination) then the secondary should only be visible when the separation brings it outside of
the detection limit (Figure 52b). For inclinations between 0° and 90° , the binary is detectable
some fraction of time greater than the edge-on case, but some fraction of time less than the face-
on case. However, based on our current observations of binary orbits, this model is too
simplistic, i.e. binaries have substantial eccentricity (Figure 52c) and a range of inclinations.
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Figure 52. Plot of potential orbital configurations for binary KBOs.
The shaded region represents the region that is unavailable for observation based on limitations
from any dataset including the seeing on a given frame, s, the separation of an object from its
primary, sp, the magnitude limit of the frame, tn/rame, and the magnitude of an object, tnobj' The
visibility of a binary component can be expressed functionally as f( s, sp ,tnobj' tn/rame)' In all cases,
tnohj>tnjrame for the secondary to be observed. The remaining orbit outside of the box is the percent
of the orbit, P, that could have been observed with a secondary at a distance s/' and magnitude,
tnobj' (a) For a circular, face-on orbit, P = I if sp>f(s, tnobj>tnjrame); 0 if sp<f(s). (b) circular orbit,
perfectly in our line of sight, P=percent of time sp>f( S,tnobj>tnjrame)' (c) tilted circular or elliptical
orbit P=percent of time sp. projected>f( S,tnohj>tnjrame)'
Employing Kepler's equations, we know that the more elliptical the orbit, the more time
an object will spend near apoapse and the less time it will spend near periapse. We can calculate
the fraction of time the secondary will spend at any point in its orbit with knowledge of its semi-
major axis, a, and eccentricity, e. The area of a section is related to the eccentric anomaly of an
orbit, illustrated in Figure 39 (Chapter 8).
In Figure 39 the area A£ is determined by scaling the area of AACQ to the ellipse (by the
relationship of the auxillery circle to the ellipse, bla) then subtracting off the triangular regions
that are easiest to calculate.
AACQ = a2 E /2, AARQ = AACQ - ARCQ = (a2 E/2) - 0.5(acos E)(asin E),
AFRP = Ar =0.5(a(b/a)sinE)(ae-acosE), and
AARP = (b/a)AARQ = (b/a)((a2/2)(E-sinEcosE)), where b=a~.
(39)
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Finally, AE = AARP - AT = (ab/2)(E - esinE).
(40)
Kepler's second law states that equal areas are swept out in equal times. Therefore,
__ . If we take steps of equal angle in eccentric anomaly, and normalize to one period,
T 7rab
we have t(E2EI) = (AE 2 - AEl) where t=0 (consider the time of pericenter to be our zero point),
7rab
t(E2ES) is the time elapsed between observations for a given area, AAE.
The separation of an object for a given eccentric anomaly is given by the line segment
FP = [a(b/a)sinE] + [ae- acosE]2
(41)
in kilometers. An object's distance from the Earth influences how close a companion we can
detect. An object with a separation of 30,000 km has a projected separation of 2.0, 1.0, and 0.7
arcseconds at 20, 40, and 60 AU respectively. Figure 53 plots a range of physical separations
versus heliocentric distance with their projected separations in arcseconds. Taking the distance of
the KBO primary from the Earth, we convert this physical separation to a projected separation
that can be directly compared to our observations. Figure 54 illustrates the relationship of the
eccentricity of an orbit (in the face-on situation) to the amount of time an object spends at or
beyond a given separation assuming a constant semi-major axis and geocentric distance. An
object in a circular orbit spends all its time at one separation, while an eccentric orbit results in a
KBO spending time at many different separations. If the orbit is not face-on, then objects will
appear to spend less time at given separations then the face-on case, and an object in a circular
orbit will not appear to have a constant separation. Figure 55 illustrates the fraction of an orbit
that current binaries spend at or beyond various separations. For objects with unknown
eccentricities I have assumed an eccentricity of 0.49, the mean of the four published
eccentricities for KBB orbits at the time this figure was constructed (Veillet et al. 2002; Osip et
al. 2003; Noll et al. 2004a; Noll et al. 2004b). I have not taken orbital projection effects into
consideration in making these plots, they demonstrate the best case scenario.
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Figure 53. Plot of projected separation versus distance from the Sun in AU.
As one observes an object further from the Sun it becomes more difficult to detect closely spaced
companions. The distinction between the projected separation of an object with a semi-major axis
of 10,000 km shrinks from 0.34 arcseconds at 40 AU to 0.23 arcseonds at 60 AU.C 6
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Figure 54. The fraction of time an object spends at or beyond a given separation in its orbit.
For the situation of a face-on orbit plane, the integrated fraction of time that a component spends
at or beyond a given separation in its orbit. Plotted for orbits with eccentricities ranging from 0 to
0.8. An object in a circular orbit spends all its time at one separation while a highly eccentric orbit
results in a KBB spending a little time at a lot of different separations. If the orbit is not face-on,
then objects will appear to spend less time at given separations then the face-on case, and an
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object in a circular orbit will not appear to have a constant separation. This si utation exists
because the orbit plane is indeterminate.
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Figure 55. The fraction of time known KBBs spend in their orbits at or beyond given separations.
The top plot shows for each known binary, the integrated fraction of time that it spends at or
beyond a given separation in its orbit in the face-on scenario. For objects with known orbits, I use
the elements a and e (solid lines) in my calculations. For objects with only estimates of their
semi-major axes, and unknown eccentricities, I assume an eccentricity of 0.49 (the mean of the
published eccentricities) to give a reasonable estimate for their separations in time (dotted
lines).The bottom plot shows the combined result for the curves in the top plot, normalized to the
total number of orbits, fifteen.
FinaJJy, the magnitude difference between a primary and secondary object and the
limiting magnitude of a frame influences the detectability of a binary. It is possible that one
could discover a companion to a KBO if it is at or slightly below the magnitude limit of a frame
because in looking at the primary KBO, one's attention is already directed to a particular area of
a data frame. If the companion were not a companion, but a single KBO elsewhere on the frame,
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it might not be discovered. I plot in Figure 56 the fraction of binary KBOs discovered at different
delta magnitudes together with the primary and secondary magnitudes. It is interesting to note
that the magnitude cutoff for both of the individual magnitude plots is near 24.0. The binaries
discovered with the largest magnitude separations have the brightest primaries, while fainter
objects appear to have more comparable magnitude components. Given the small number of
binaries known, these characteristics may be observationally biased, however, it is probably too
soon to rule out physical reasons for such observations.
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Figure 56. Frequency of magnitudes and delta magnitude of KBB systems.
Plot of the frequency of objects, in 0.4 magnitude bins, with delta magnitudes between binary
components (top), magnitude of each component, primary (middle), and secondary (bottom).
Note that the primary magnitudes spread from 13.2 to 24.0 while the secondaries range from 16.4
to 24.0. It is not surprising that both plots stop around 24.0 as this is a practical magnitude limit
for most telescopes used for discovery and follow-up observations.
164
POSSIBILITY OF BINARY KBOS FROM THE SURVEY
Next, we combine the image and orbit characteristics to estimate the probability of
finding wide binaries in the DES data. For each DES discovered KBO I select the frame on
which the seeing was the best and record the limiting magnitude of the frame (634 observations).
The magnitude of an observed KBO on this frame is that of either a single object or the
combined light of an unresolved binary. Lightcurve variations of a primary or secondary
component are considered as a second-order effect, and are not accounted for here. For the
binary characteristics I consider the semi-major axis and eccentricity, expressed as the fraction of
time the secondaries spend at a given separation, but do not account for the delta magnitude of an
object from its primary in terms of determining its discoverability. The probability of finding a
binary KBO on a frame can be expressed as the product of the probability of the binary orbit
being in an observable configuration, Porbit, and the probability of the primary and secondary
components of the object being detectable, Pobserved, or
Pbinary Porbit observed·
(42)
I consider objects that can be observed as those that are resolvable, and those that might be seen
as elongated objects, assuming that an observer is visually sensitive to approximately a half a
pixel below the FWHM of a frame. Figure 57 plots the individual sensitivity of the survey based
on the orbit and magnitude constraints. Each point represents one observation. In orbit space, we
are sensitive to at most 36% of the binary population for observations as elongated objects, and
28% as resolved objects. In magnitude space, in many cases we are sensitive to all the currently
known binaries.
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Figure 57. Possible binary sampling in the DES discovery data.
Plot of the fraction of the binary population sampled for an individual frame based on seeing (top)
and magnitude limit (bottom) constraints. The dots demonstrate the sensitivity for recognizing an
elongated object and the diamonds the sensitivity for recognizing a resolved binary. The
magnitude plot is insensitive to elongation or resolution so the diamonds overlay the dots.
Combining the result from Figure 57 gives the total sensitivity of the survey to binaries
with orbits similar to those of the known KBB population. 190/0 of our images are sensitive to
objects either resolved or elongated while only 14% of the images are sensitive to observing
resolved binaries. Figure 58 illustrates the fraction of the binaries that we were sensitive to at a
given separation corrected for the number of observations at that separation.
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Figure 58. Fraction of images sensitive to binaries in the DES discovery data.
Fraction of images with possible binaries at a given separation in the DES data considering the
limiting magnitude of the frame and magnitude components of binary companions.
If the eccentricity of 0.49 assumed for binaries with undetermined orbits is high, then the
number of binaries that could be discovered in the survey data are less. If the eccentricities are
higher, then the survey would be sensitive to a greater fraction.
FREQUENCY VERSUS SEMI-MAJOR AXIS
Currently sixteen binary systems have been identified in the Kuiper belt. Of these objects,
eight had their primaries discovered by DES observations. These objects include 1998WW31,
2000CQ 14, 2000CF105, 88611, 2001QC298, 2003QY90, 2003UN284, and 2005EO304. The
separations of these objects' companions at discovery were 1.2, 0.18, 0.78, 0.6, 0.17, 0.3, 2.0,
and 2.67 arcsec, respectively. Three of these had their companions identified by HST
observations targeted for binary searches, one was discovered at CFHT, three at Magellan, and
one was identified on the original DES discovery frame. Given the mean seeing of the DES
observations, 1.6 arcseconds, it is not surprising that only the widest separated binary was found
in such images. However, these observations might tell us something about the characteristics or
frequency of wide KBBs. Of 634 unique objects, while our discovery observations only
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identified 1 binary, 2 others might have been seen to be elongated under the best observing
conditions, but were not obviously binary, 1 was missed (it was pre-covered, but not found by
the original observer) but the companion was substantially (1.2 magnitudes) fainter than the
primary, and the other 4 have companions much too close for identification in our observations.
In Figure 59, I plot the separation of the known KBBs versus the magnitude of the
companions. Overplotted are sensitivity lines for Magellan (with MagiC) and the DES for a S/N
of 10. Since more observations of KBOs are made from the ground, and the list of binaries is
dominated by closely spaced components, it appears that KBBs separated by more than 1
arcsecond are far less frequent than closer companions, or physically different enough from the
KBOs we observe to escape detection. Figure 60 converts the observed discovery separations in
arcseconds to a projected physical separation in km.
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Figure 59. Plot of currently known binaries, secondary magnitude versus discovery separation.
Each symbol represents a different discovery telescope. The solid lines represent the sensitivity
with MagIC on Magellan for standard 180-second integrations at 1.2 airmasses at 0.3 (lower line)
and 0.9 (upper line) arcseconds with a S/N of 10. The dashed curves represent the same
sensitivity for our DES observations with the Mosaic Camera and the 4-m telescopes at 1.1
(lower curve) and 1.7 (upper curve) arcseconds and 240-second integrations. The seeing limits
for the each of the HST surveys are plotted as dotted lines. Charon is off the graph at the top.
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Figure 60. Plot of secondary magnitude versus projected separation in km.
The projected separation is based on the current ( June 2005) distance of the object and the
object separation at discovery. Each symbol represents a different discovery telescope. Charon is
off the graph at the top.
Surveys for close binaries have been pursued by a number of HST programs, the primary
one led by Keith Noll and colleagues. They observed 122 unique TNOs (27% were objects
discovered by the DES) as part of a snapshot survey program using WFPC3 and NICMOS (Noll
et al. 2002b). The sensitivity of both systems is similar, sensitive to binary separations of > 0.15
arcsec and magnitude differences of m < 1 magnitude. Six binaries were discovered yielding a
frequency for KBBs of 5+2.27%. A slightly more sensitive program (for binary separations > 0.1
"-1.3
arcsec and magnitude differences of m < 2.5 magnitude) led by Mike Brown looked at 29 KBOs
with STIS on HST and found two binaries. The binary frequency for this sample is 7+78%,
-- 2.3
statistically no different from the results of the larger survey. With the DES we looked at 634
objects and found 1 binary, and in Magellan astrometric recovery work we looked at 212 objects
and found 3 binaries, frequencies of 0.16+035 % and 1.4+3%, respectively. Figure 61 plots the4.~~~~'-05.4 '
binary fractions of the KBO population versus discovery separation. Fewer objects are found at
large separations. This plot suggests that one should find relatively large numbers of close or
contact binaries and that few binaries will be found with wide separations.
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Figure 61. Fraction of binaries discovered versus separation.
While HST is primarily limited by instrument resolution in how close a companion it can find,
the ground-based facilities have atmospheric limitations. For Magellan and the DES observations,
a point is plotted at the median sensitivity with a line extending to mark the sensitivity under the
best conditions. The "x" on these lines denotes the seeing on the frames where binary objects
were discovered. A (solid) line is modeled through the points in log space, the coefficients of
which are given in the figure.
DYNAMICAL CLASSIFICATION OF KBO BINARIES
It has become common to classify KBOs with respect to their orbital properties in the
outer Solar System: objects resonant with Neptune, objects that have been scattered inwards
towards Jupiter - the Centaurs - or outwards - Scattered disk objects. Objects that are neither
Resonant nor Scattered are considered to inhabit the Classical belt. A description of how this
classification is done for the DES was described in Chapter 1. Here I summarize the current
population distribution of known KBOs, and consider the abundance of KBBs in these
populations. Figure 62 shows the relative population distributions of objects discovered by the
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DES specifically and by the rest of the Kuiper belt observing population, uncorrected for
observational biases.
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Figure 62. Classification of KBOs discovered by the DES and by other surveys.
The fraction is based on the total number of KBOs in that sample, and the classifications are those
described earlier, except for the "Unrecovered DES" group that consists of KBOs discovered by
the DES, but never followed up so that the Minor Planet Center could issue a provisional
designation. The plot to the right shows the fraction of KBOs in that sample for DES (top) and
Non-DES (bottom) objects, respectively.
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Figure 63. Combined distribution of classes for all KBOs and KBB population by class.
The top plot combines DES and Non-DES combined objects. The middle plot shows the
distribution of classes among objects in the binary population while the bottom plot shows the
distribution of KBBs, with respect to the entire KBO population. If one were to suggest a class
for an unknown binary, the most likely would be Classical.
While still a statistically small sample, KBBs are found in all dynamical classifications in
the Kuiper belt, 56. 3+123 % (9/16) are Classical, 25.O+16 % (4/16) are Resonant, 12.5 435% (2/16)1.7_... -1.3
are Scattered disk (near) objects, and one remains unclassified at this time. All of the proposed
formation mechanisms to date suggest that binaries formed when the Kuiper-belt disk was
dynamically cold, before objects in this region were excited and depleted (Goldreich et al. 2002;
Weidenschilling 2002; Funato et al. 2003; Astakhov et al. 2005). If the belt was originally
homogeneous and objects got moved around during excitation and depletion, then we might
expect to find the same relative fractions of binaries in each dynamical population as among the
dynamical populations themselves. The numbers are small but the proportions appear to be
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similar (Figure 63), supporting the hypothesis that binaries formed very early in Solar System
formation.
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CHAPTER 10: SYNTHESIS
SOLAR SYSTEM BINARIES
In order to compare binaries throughout our Solar System, I present some basic
parameters for all known binaries, then focus in on KBBs specifically.
(http://www.johnstonsarchive.net /astro/asteroidmoons.html and references therein). Figure 64
plots the orbital parameters of every cataloged minor planet in eccentricity and inclination versus
the log of semi-major axis. The orbits are calculated by E. Bowell at Lowell Observatory and
binaries are plotted with red circles. Among the three main populations, companion objects
appear to survive around primaries with a variety of eccentricities and inclinations. Twenty-four
binaries have been observed among the near-Earth population, twenty-two binaries among the
main belt population, one Jupiter Trojan binary, and sixteen (including Pluto) binaries in the
Kuiper belt. Binaries are found throughout the Solar System, but in greater number closer into
the Sun where they are substantially easier to discover. However, is also an observational bias in
the numbers of objects in surveys for binaries in the sense that there are only -1000 KBOs to
choose from where as there are over 105 main belt asteroids to search for companions. Estimated
binary fractions for the near-Earth, main belt and Kuiper belt populations are 16% ( for bodies >
200m, Margot et al. 2002), 2% (as large as 20% for the Koronis family, 5% for the Karin and
Veritas families, Merline et al. 2005), and 10-20% (this work, Sheppard and Jewitt 2004),
respectively.
Table 33 gives a statistical comparison between the entire minor-planet population in a
given region, and their respective binary populations. The number in parentheses is the standard
deviation of the mean of all the objects in the sample, and presents a measure of the scatter in the
respective populations. The distribution of the heliocentric orbital eccentricities and inclinations
of the binaries appears to be consistent with that of their parent populations with one exception.
The mean eccentricities of the near-Earth binaries appears to be about double that of the main
population.
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Figure 64. Heliocentric orbital elements of Solar System minor planets.
(top) Eccentricity, and (bottom) inclination versus log semi-major axis for all the cataloged minor
planets. Orbits are calculated by E. Bowell at Lowell Observatory (astorb.dat from August 24,
2005). Red circles denote the orbital parameters for known binaries.
TABLE 33. INCLINA nON AND ECCENTRICITY OF MINOR PLANETS
Sample Region of a No. Objects Entire population Binary population
(AU) (binaries)
e i (0) e i (0)
Near-Earth a<2.12 8083 (24) 0.187 (0.002) 19.31 (0.09) 0.36 18.6
(0.04) (2.6)
Main-Belt 2. I 2~:s3.57 278726 (22) 0.1556 (0.000 I) 7.95 (0.01) 0.16 9.5 (2.1)
(0.03)
Kuiper-Belt a>30 10II (16) 0.154 (0.005) 9.1 (0.3) 0.12 8.5 (2.3)
(0.02)
Figure 65 plots a few of the rotational and physical characteristics of near-Earth, main-
belt, and Kuiper-belt binaries for comparison. Many near-Earth and main-belt objects have
rotation information, however, very few KBBs have determined rotation curves. These objects
have been known about for less time, and are also fainter and further from the sun, requiring
relatively large quantities of telescope time to obtain such measurements. The diameters of
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KBBs span a wide range from 100 to more than 600 km while objects nearer to Earth have
smaller diameters, < 300 km. In panel c, it is notable that KBBs have wider separations and
higher diameter ratios than found for other Solar System binaries. Near-earth companions are
close to their primaries and in general have diameter ratios below 0.5. Almost all these objects
are relatively dark with albedos less than 0.3, although low albedos appear to be common among
the scattered small bodies in the Solar System (small bodies that are not moons of the giant
planets; some of those moons are also dark while others are very bright).
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Figure 65. Physical characteristics of Solar System binaries.
Plot of (a) primary rotation rate versus primary diameter, (b) primary amplitude, (c) log semi-
major axis of the secondary component versus diameter ratio, and (d) geometric albedo versus
semi-major axis of the primary. Near-Earth binaries are plotted with plus signs, main-belt
asteroids are plotted with open squares and KBBs are plotted with "x". Open triangles are plotted
below the horizontal line because they have no information along the ordinate. They are plotted
where they fall along the abscissa to indicate where information will be available in the future.
Notice in panel (c) that KBBs have wider separations and higher diameter ratios than found for
other Solar System binaries. It is also notable that near-Earth binaries do not have high diameter
ratios.
KUIPER BELT BINARIES
The goals of this thesis were four-fold: (1) investigate the variability of newly discovered
KBOs, looking for indications of duplicity or other interesting features, (2) characterize the
rotation curves of four KBBs, including, if possible, the rotational direction for 8861 l's
secondary, (3) determine orbits, or partial orbits for the four KBBs discovered within the DES
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discovery and Magellan recovery datasets, and (4) investigate binary frequency versus semi-
major axis for surveys with different sensivities.
Ten of thirty-three objects, 30%, observed demonstrated some significant level of
variability. The objects 2001KG77, 2002GW32, 2003FM127, and 2003FE128 were found to
have lightcurves with significant amplitudes, and should be observed again. In particular,
2002GW32 varied more than 1 magnitude during its six hours of observation. This object was
also a candidate binary in studies by Eddy (2002). In addition, 2002GP32, while not having a
large amplitude, was found to have a particularly short single-peaked period, 3.3 hours, and not
entirely sinusoidal lightcurve. With respect to employing the differential in discovery magnitudes
over about 2 hours to indicate variability, it was found that these magnitude changes can be
representative of real variability above the 0.1-0.3 magnitude level of uncertainties. Within the
IDES dataset, I place a lower limit of 7% of the observed objects with magnitude variations at or
above 0.5 magnitudes. This limit is a lower limit for KBOs with high amplitudes because it
samples variation over 2-3 hours only, and objects with large amplitudes, but slower rotations
would not be recognized under these circumstances.
The resolved (for 88611 and 2003QY90) and unresolved (for 2001QC298 and 66652)
lightcurves of four KBBs were obtained at different levels of completeness. The 88611 system
was found to have a non-variable primary component at the 0.05 magnitude level. Its companion
has a single-peaked period of 5.50±0.02 hours, although linking of data between years proved to
be more difficult than initially expected. Even within one four-night dataset, the combined
results found one night inconsistent. This inconsistency may be due to the difficulty of obtaining
high S/N resolved data, implying that the primary does in fact have some low level of variability
resulting in a more complex lightcurve or it may indicate that the object rotates chaotically.
Additional studies should be made. The best results will be obtained when the secondary is near
apoapse.
Both the components of 2003QY90 were found to have lightcurves, with the secondary
component having a high amplitude of variation, 0.90±0.36 magnitudes. These lightcurves
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greatly complicated orbit modeling for the system with respect to identifying the components
over long periods of time. The combined systems of 2001QC298 and 66652 were also found to
have lightcurves, but without significant features at the level of our observations. Figure 66
adapted from Sheppard and Jewitt (2004) and Leone et al. (1984) plots photometric range versus
rotation frequency for a sample of KBOs and other notable small bodies in the Solar System.
Binary objects are labeled in bold face and points from this study, plotted at their nominal
positions and assuming double-peaked lightcurves, are dark blue hexagons.
In region A, the rotation periods of these objects are not faster than the critical rotation
rate for such bodies, and the amplitudes of these lightcurves can be equally well explained by a
spherical object with albedo variations, an elongated object or duplicity. In Region B, the
lightcurve can be explained for a rotationally elongated body only. The rotation rates are too fast
for a spherical object with albedo variations to be stable (Leone et al. 1984). The observed
photometric variations are the result of changes in the projected cross section of the body about
its minor axis. Lightcurves for bodies in Region C are best explained by duplicity. These
lightcurves are not easily explained by albedo features and would have to have densities
significantly less than 1000 kg/m3 to be elongated by their rotational angular momenta. The
three objects with photometric ranges above 0.9 magnitudes have been described as contact
binaries. Their lightcurves are best described by an eclipsing contact or near-contact binary
viewed approximately equatorially. They might also be expected to have two different shaped
minima, one that is flattened, and one that is sharp. I have labeled the region where these objects
reside as Region D.
In Figure 66 information for the indivudal components, a and b, of 2003QY90 are plotted
independently. Measurements of the secondary component to 88611 and the combined estimates
for the 2001QC298 and 66652 systems are also displayed. That the secondary component of
2003QY90 has a high amplitude lightcurve is suggestive of an extremely elongated object or
contact binary. The uncertainties on the amplitude of this lightcurve are still too large to draw a
solid conclusion, but continued observations of this object could prove quite interesting. The
180
other binaries lie along the boundary of regions A and C and appear to rotate more slowly than
many other KBOs. However, there are too few KBOs with lightcurves for a statistical sampling
of rotation rates. As the database increases, it will be interesting to see if the rotation rates are
size-dependent, as Pravec et al. (2002) suggest in a study of main-belt and near-Earth asteroids.
Pluto-Charon appear to be fundamentally different from other KBBs as they rotate very slowly,
and are in tidal lock.
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Figure 66. Rotation curves of binary KBOs and other minor planets.
Adapted from Figure 5 of Sheppard and Jewitt (2004) to include my Magellan observations.
Binary objects are labeled in bold face and points from this study are plotted at their nominal
positions as dark blue hexagons. Lightcurves for objects in region A can be explained by albedo
features, rotational elongation or duplicity, in region B by rotational elongation only, and in
Region C by duplicity. I have added a region 0 above a photometric range of 0.9 magnitudes.
Since all three of the objects that reside in this region are contact binaries, it seems reasonable to
separate it from the other regions.
Binary orbits, or parts thereof, were obtained for 88611, 2003QY90, 2003 UN284, and
2005E0304. Table 32 summarizes my results, and those of other binary studies. I have estimated
the semi-major axes (assuming that the farthest distance is a minimum semi-major axis) and
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periods (based on rates of motion between observations) of the objects for which there are not
enough observations to fit complete orbits. Figure 67 plots eccentricity versus the semi-major
axis (scaled to the Hill radius) to compare with the numerical models of Astakhov et al. (2005)
who project, based on their formation models, that most binaries will have moderate
eccentricities and approximately equal masses. Objects to the right side of the plot are all
binaries with relatively large separations (>0.5 arcseconds) with the exception of Pluto. The
close binaries, (with separations <0.5 arcseconds) appear to cluster with eccentricities between
0.2 and 0.6, and a/Rh ratios between 0.0 and 0.05. The wider separated binaries are scattered
around the plot. While there are not enough objects to draw statistically significant conlusions,
this might be a suggestion for two formation mechanisms, not an unprecedented situation since
multiple mechanisms appear to be at work in the near-Earth and main-belt regions. It is clear that
the Funato et al. (2003) model, which was developed from the first orbital determination of a
KBB, 1998WW3 1, projecting KBBs to have high eccentricities is not supported by the orbits of
other binaries.
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Figure 67. Comparison of binary orbital elements of KBBs.
Plot of eccentricity versus the semi-major axis scaled to Hill radius for all binaries with
determined orbits or estimated parameters. Objects that have information on only one axis are
plotted at their minimum values of e as open circles with arrows pointing in their directions of
possible values when more accurate orbit information is secured; they can move to the right and
towards the upper part of the graph. The two vertical dashed lines bound the region of phase
space explored by the models of Astakhov et al. (2005). The model appears to effectively model
the eccentricity distribution though it does not match the spread in semi-major axis to Hill radius
ratios. This plot demonstrates by the spread in binary orbit eccentricities that the Funato et al.
(2003) model, which was developed from the characteristics of the first binary orbit 1998WW31,
does not effectively describe the characteristics of the entire population.
With respect to frequency of binaries versus semi-major axis, the projections of the
Goldreich et al. (2002) model seem to match that discovered by surveys sensitive to a few
hundreths of arcseconds, (see Figure 68), when fit with r= 192 km (the conversion to arcseconds
assumes a projection at 39.826 AU). The number of wide binaries are slightly underrepresented
while the number of close binaries is within the error bars. Astakhov et al.'s (2003; 2005) chaos-
assisted capture model provides a physical basis, the formation of a transitory binary, for the
initial conditions of Goldreich et al.'s dynamical friction mechanism of capture which begins
183
1.0
0.8
0.6
0.4
:I.
U
U
4)
_ ' ' a I . . . .. I . . . . . . . . '
Region populated by Astakov et a. 2005) model
1998WW31
·
66652 26308 58534
2001 QC298
.201 C29 2003QY90
47171 88611
_~~~~
Pluto-Pluto- 2003EL61 , 4 5f
Charon
-,e . ' , ...20p3UN284, 2.05E0
0.2
no
0.00
. . . . . . . .
. . -
- - - - -
- - - - -
- - - - -
. . . . . . . .
. . . . . . . .
. . . . . . .
. . . . . .
'0304,
i. v II I~ - L
with the assumption of a transitory binary. This plot also demonstrates that the Weidenschilling
(2002) model that predicts many wide binaries and few close binaries is not supported by the
observations. Table 34 presents a summary of the four formation models, their semi-major axis
and/or eccentricity predictions and a comparion with the current observations.
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Figure 68. Fraction of binaries overlaid with Goldreich et al. (2002) prediction.
The dashed line is the integrated binary fraction proposed by the Goldreich et al. (2002) model. In
order to fit the line in Figure 61, I set r=192 km in Goldreich et al.'s model (Equation 7). The
conversion for semi-major axis to arcseconds (for the x-axis) assumes a projected distance at
39.826 AU. An adjustment in a or r changes the slope of the line. Keeping a fixed, adjustment to
a larger r moves the line down, or to a smaller r moves the line up. An adjustment of a rather than
r adjusts the line up and down for larger or smaller a, respectively. This plot demonstrates that the
Weidenscilling (2002) model that predicts many wide binaries and few close binaries is
inconsistent with the observations.
184
TABLE 34. MODEL CONCLUSIONS
Model a prediction a agreement with e e agreement
model prediction with model
Weidenschilling Larger a, more no none --
(2002) binaries
Goldreich et al. Smaller a, yes none --
(2002) more binaries
Funato et al. none -- e > 0.8 no
(2003)
Astakhov et al. Many with Mostly 0 < e < 0.9 yes
(2005) small a/HR
Observations Smaller a, Astakhov et al., 0 < e < 0.8 Astakhov et al.
more binaries Goldreich et al.
FUTURE WORK
The survey part of the DES was completed in May 2005. Recovery observations on
Magellan and with other facilities will be continued through the next year or two in order to
dynamically classify all the 500 provisionally designated KBOs that were discovered by the
survey. Lightcurve observations of one or more of the highly variable KBO DES discoveries
could reveal another contact binary, which is interesting because modeling the lightcurve of such
an object can lead to density estimates.
Additional lightcurve observations of 2003QY90 and 2001QC298 were collected at
Magellan in June 2005, however the data have not yet been fully analyzed. Continued
observations to determine the orbits of the binaries with preliminary information will be pursued;
2003UN284 and 2005EO305 at Magellan and 2003QY90 at Magellan and with HST (Cycle 14:
ProplD 10508). Determining the lightcurve and direction of rotation of the secondary component
of 88611 is an obtainable goal, however additional measurements must be collected when the
secondary is near apoapse (May-October 2007 or August-December 2009), rather than
periapse. The direction of rotation of one object will not necessarily tell us how a binary system
formed, however, the spin and orbital parameters of each component of a binary system may
provide useful constrain on the timescales of binary system formation.
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Recent numerical studies of the rotations of KBOs find that the spins of the few large
KBOs (>200 km in diameter) cannot be explained by collisions (Lacerda 2005). The implication
is that many KBOs obtained their spin rates early in their evolution. Lacerda investigates the
possibility of an anisotopic accretion process. He finds that a 10% asymmetry in the net angular
momentum of accreted particles, or accretion of comparable size objects, can explain the current
observations. The two scenarios give different predictions: (1) Anisotropic accretion results in
KBO spin rates being similar, while (2) isotropic accretion of larger bodies predicts a variety of
spin rates and random spin axis orientations. If the components of the binaries have similar spin
rates and directions then it will tell us about the preservation of spin properties during the
formation and evolution of the binary.
In addition, the combined results from multiple systems can help us to make more
general conclusions about rotation in the Kuiper belt or among sub-populations within the larger
population. For example, in a study of Koronis family asteroids, Slivan (2002) found that the
actual distribution of spin vectors among the largest members of the Koronis family is markedly
nonrandom. This is in contrast to predictions that a family of objects formed by a collision would
give random spin vectors among the resulting fragments. Recent modelling by Vokrouhlicky et
al. (2003) find that the non-random orientations and spin rates can be explained by 'thermal
torques' (arising from differential solar heating). The characteristics of KBBs do not support
formation by collisions and so far they are not found in families. They are also too far away from
the sun for differential solar heating to have a substantial influence. However, it is not unlikely
that studies of sub-populations of KBOs may result in a better understanding of mechanisms that
function in the population at large.
It would be of interest to investigate resolved lightcurves of additional KBBs, in
particular those of the wider binaries discussed in this thesis, and discovered by others:
2003UN284, 2005EO305, and 1998WW3 1. Resolved observations of the close binaries might be
attempted from the ground under exceptional seeing or with AO systems in addition to
unresolved lightcurves in less than perfect conditions.
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Within the next ten years, a number of wide field imagers will begin to make routine
observations of the sky at different wavelengths. One of these, Pan-STARRS, a collaborative
project between the University of Hawaii's Institute for Astronomy, MIT's Lincoln Laboratories,
the Maui High Performance Computer Center and Science Applications International
Corporation, will survey the entire visible sky (from their location on Earth) to limiting
magnitudes of mR-2 4 .0. Within the first year they project to find -20,000 KBOs with accurate
photometry and astrometry (Jewitt 2003). Inevitably many of these will be binaries, identified
either in the discovery images or in follow-up observation by this, and other telescope facilities.
A simple extension of the current KBB to KBO population (16/1011) gives more than 300
binaries in the projected sample. As our database grows the properties of these systems will be
cataloged, and both their physical and orbital (both mutual and solar) characteristics will help us
to better understand their origins, and implications for the rest of the Kuiper belt.
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APPENDICES
APPENDIX A: GLOSSARY OF SYMBOLS
TABLE 35. GLOSSARY OF SYMBOLS
Definition
Projected equatorial radii of KBO; semi-major axis of (primary) KBO, in AU
Minimum separation distance
Semi-major axis of secondary component of binary KBO around its primary
(km)
Plate constants in astrometry reduction
Peak-to-peak amplitude of rotation curve (magnitudes)
Projected polar radii of KBO
Projected radii of a KBO (third axis); The speed of light
Constant applied to instrumental magnitudes so they are positive
Image diameter; Diameter of KBO (or kbo component, subscripted)
Eccentricity of an orbit
Eccentric anomaly of an orbit
Telescope focal length; true anomaly; image frame
Coordinate system (intermediate reference plane)
Instrumental flux
Gravitational constant, 6.67*10-" m3/kg s2
H-magnitude of the primary
Inclination of an orbit with respect to some reference plane (degrees)
Airmass-exinction coefficient
Break-up angular momenta of a body
Spin angular momenta of a body
Total angular momenta of a body, spin and orbit combined
Generic mass of a body
Mean magnitude of a lightcurve
Combined magnitude of primary and secondary components of a binary
system
Magnitude for a standard star (in whatever filter is relevant to the discussion)
Reduced magnitude, the magnitude the KBO would be reduced to unit
distances from the Sun and Earth
Limiting magnitue of an image
Weighted mean magnitude of observations
Instrumental magnitude
Apparent magnitude a kbo (or kbo component)
Apparent magnitude of the primary component of a binary
Apparent magnitude of the secondary component of a binary
Calibrated phomometric magnitude of observation
Magnitude of an object
mass of the primary component of a binary
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Symbol
a
amin
as
a-e, g
App
b
c
C
d
e
Effg,h
F,
G
Hp
i
k
Lbreak
Lpin
Ltotal
m
Min
mavg9
mc
mFSTD
mt
mTrame
mfw
mi
mkbo
mkboP
mkboS
mO
mp
-
ms mass of the secondary component of a binary
Msun Apparent magnitude of the sun (in whatever filter is relevant to the discussion)
mz y-intercept at an airmass of zero corresponding to a given airmass-extinction
coefficient
Am Delta magnitude
M Number of bins; Mean anomaly of an orbit
MR Red magnitude
Msun Mass of the sun, 1.99 x 103°kg
n Angular frequency (spin or orbital depending on context); number of
observations; integer for period increment
nfi, Number of parameters in a fit
nj Number of points in a bin
np Spin angular frequency, primary
nS Spin angular frequency, secondary
N Number of observations
p Shape index in PSF fitting; Geometric albedo of a body
p(a) Probability density per logarithmic band in semi-major axis
Pbinary Probability of being able to see a binary object on a DES image
PObserved Probability of being able to see a binary object due to observation parameters
Porbit Probability of being able to see a binary object due to KBB orbit parameters
r Generic radius of a body; Heliocentric distance to object (AU)
rp Radius of KBO primary (km)
rs Radius of KBO secondary (km)
r.u Radius where velocity dispersion of small bodies has affect on a larger body
R Sun-Earth distance
RMsillphere Hill radius of an object
s Variance for a sample
s"o Peak signal in synthetic data
sP Projected separation of binary components
t, ti Time of observation, generally matched with mi
At Difference between two times or time span
T Test period; Orbital period
Trotate Rotational period of a KBO (hours)
x Row coordinate; row integration factor
Xo Row zero coordinate
x,y,z Coordinate system (sky plane)
X, Y,Z Airmass; Coordinate system (J2000.0, reference plane)
y Column coordinate; column integration factor
Yo Column zero coordinate
a Inertial factor; Right ascension coordinate; Phase angle (degrees)
a* Right ascension coordinate for field center
,6 Phase coefficient (0.14±+0.02 magnitude/degree)
X Chi-square statistic
b ~Declination coordinate
6* Declination coordinate for field center
Angle in astrometry reduction; Longitude; Phase component for a lightcurve
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(0)
77 Value for (x, y)-to-~ transformation; allows conversion from pixel positions to
right ascension and declination
t ~Reduced mass (check this)
0 Angle in astrometry reduction
Odet Rotation angle on detector
ON Rotation of image so that N is along the +y axis
OPA Position angle on sky, N through E
p Density (kg/m3)
CrB Sky background uncertainty
Cam Dispersion on the measurement of the field star
OSYMBOL Uncertainty on a the measurement of the corresponding subscript
w Argument of pericenter
Values for (x, y)-to-r/ transformation; allows conversion from pixel positions
to right ascension and declination
A Geocentric distance to object (AU)
e Statistic for measuring scatter of a lightcurve
•2 Node of an orbit
APPENDIX B: OUTLINE FOR ASTROMETRIC REDUCTION
The purpose of the inclusion of this outline is to document the standard procedures for
processing data taken at Magellan for astrometric measurements.
* Create match file (matchup)
* Repair header anomalies (fitsedit)
* Determine object aperture size for the night (atv or itool)
* Run looker and generate .obj files
Supervised reduction of field:
* Run astrom on all frames (generates field and object astrometry)
* Collect astrometry with obscode=304 (astcol)
* Send .ted file to a Lowell Observatory machine and run kbomatch to generate lplast.xrft
file, and check that the new astrometry improves the orbit of the KBO of interest (you
can create a lplast.xrft file with cross-references by hand without connecting to a Lowell
machine, but the checking software does not run locally)
* Collect astrometry with final codes enabled (astcol)
* Look through .info file and compare rates and position angles to looker and .dat or .sdat
files for additional confirmation of the reduction
* Generate final mpc file at Lowell (mar2pack) and submit to the MPC
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APPENDIX C: OUTLINE FOR IMAGE REDUCTION
The purpose of the inclusion of this outline is to document the standard procedures for
processing data taken at Magellan for photometric measurements.
* List of images to analyze (matchup)
* Master flats available (or create them, mkflat)
* Calibrate images, put reduced images in object folder (docal)
o Object/night/reduced/yymmdd.nnn.fits unbinned
o Object/night/reducednxnbin/yymmdd.nnn.fits binned
* Find object on frame (looker)
* Determine aperture for night (atv or itool)
* Aperture photometry on object and 6-10 other stars on frame, some very bright, some
more comparable to the brightness of the KBO (ccdphot)
o Small aperture (FWHM radius)
o Large aperture (3xFWHM radius)
* Plot variation of the stars versus each other to find one that is not variable (plot2star).
* Plot relative magnitude of KBO to non-variable field star for preliminary variability
testing (onchipmod2)
* PSF fit each image (Mathematica notebook)
o Choose consistent set of stars to be used in ALL fits for this field
o Ratio other stars and KBO to the non-variable standard star (brightest)
o Output photometry log, use instrumental mag from large aperture photometry to
tie PSF fitting to instrumental magnitude.
* Plot relative magnitude of KBO to field star(s) (onchipcsv4t)
* Evaluation significance of any variation.
* If absolute photometry is possible
o Do large aperture photometry on the standard stars (ccdphot)
o Plot airmass-extinction curve and fit line (extinctcalc)
o Apply corrections to instrumental magnitudes for KBO as output from PSF fitting
(doextinct)
o Plot lightcurve of KBO on calibrated magnitude scale.
APPENDIX D: ECLIPSING BINARY LIGHTCURVE MODELING
The combined light curve of a binary KBO depends upon a number of parameters. The
radius of each body, the separation between the two bodies, the albedo of each, the ratio of the
masses of these two objects, and the inclination of secondary to the primary (measured relative to
the observer in degrees, 90 degrees for an edge-on orbit). This question of whether the binary
lightcurve is of the sum of two objects in eclipse or simply the combined light of two separated
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objects can be answered by a series of geometric equations that allow one to calculate the
amount of light reflected by such an object based on the orbital properties of the secondary
during its orbit. I use the parameter <I> or "phase" to reflect time, where <1>=0to <1>=1 is one full
orbital period. The intensity is normalized to 1 for the sum of the two bodies. For the purpose of
this model I assume that the orbits are circular in nature.
Two dimensionally one is interested in the area of portion of a circle cut by a line
segment. In Figure 69a, ri = ki + hi and 0i = 2arcsin(C 12rJ. The arc of a circle is 0i = sllj. The
distance between the centers of the two objects is define as d = k) + k2• The areas inside HDGE
and HDGB are given by:
A 1j2 (0 . 0) 1j2 [2 . C . (2 . C)]HDGE =- I-sm I =- arcsm--sm arcsm-
2 2 21j 21j
r2
2
(0 . 0) r2
2 [2 . C . (2 . C)]AHDGB = - 2 - sm 2 = - arcsm- - sm arcsm- ,2 2 2r2 2r2
(43)
where C = ~41j2 - (d2 + 1j2 - r22f / d2 . We simply combine these equations to account for
the overlap of different parts of the spheres as the reflected area is determined for each position.
The total area reflecting light is the full area of the overlapping body and the partial area of the
occulted body (assuming no atmospheric effect).
y
Primary
x
Z To Eanh
Figure 69. Eclipsing binary lightcurve diagram.
(a) Illustration of overlapping spheres, and (b) orbit of binary components around their center of
mass.
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Consider the objects to have albedos of pi and P2, respectively. The combined reflected
light intensity can be calculated by equation 12 where A, and A2 are given by the equations in
Table 36 depending on the orbital configuration of the pair (Figure 69b):
Intensitnom~ 1id [p2'l + P2 ]/(0.25(p, + P2)
(44)
For the simple case discussed here, I assume the objects to be spherical in nature, and to
have circular orbits. The rate of change in the amount of light is a result of the orbital parameters
of the secondary (orbiting) body, i.e. if the secondary is in an elliptical orbit, the change in
brightness will be faster for the object closest to perihelion and slower at aphelion. Figure 70
describes some of the possible results and demonstrates which changes cause which
observational effects.
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TABLE 36. EQUATIONS FOR AREAS OF OVERLAPPING BINARIES
Appeafance Range Z,>Z2 Z)<Z2
A) A2 A) A2
• d> nf
2 nf2 nf2 nf2) 2 ) 2
(f)+f2)
No eclipse
at ~ (f,+f2) nf)2 nf 22-D..A)-D..A2a nf)2-D..A1-D..A2a nf22>d>(v'(f)2-f22)
Shallow eclipse
•
(v'(f)2-f22) nf 2 nf2 2-D..A,-D..A2 a nf)2-D..A,-D..A2 a nf 2) 2
>d>
(f)-f2)
Dee p eclipse(I d< nf 2 0 2 2 nf22) nf) -nf2(f,-f2)
Total ecli se
'M, = ~ [(2 arccos[ r2
2
~ i:'~d2 ]) - sin(2 arccos[ r22 ~ i:'~d2 ]) ].
M2 = f[(2arccos[~2 ~;~2: d2]) - sin(2arccos[~2 ~;2;2: d2])]
d = ~(X2 - X))2 + (Y2 - y))2; X = (lj + r2+ a)sin(2Jt'lf»; Y = (lj + r2 + a)cos(i)cos(2Jt'lf»;
Z = (lj + r2 + a)sin(i)cos(2Jt'lf»; If> = phase, a = object sepafation, i = inclination
-x -Y -zx) = ---- Y) = ---- z) = ----
1+ (m) /m2) 1+ (m) /m2) I + (In)/m2)
x Y Zx2 = ---- Y2 = ---- Z2 = ----
I+ (m2 /m) ) I+ (m2 /m) ) I+ (m2 /m) )
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Figure 70. Sample lightcurves for eclipsing binary objects.
(left) The first describes the lightcurve of two objects of the same size and albedo in contact with
each other. The second describes the situation where the secondary is slightly smaller than the
primary and the third demonstrates the result if the albedo of the two bodies are different. (right)
The first describes the lightcurve of two objects of the same size and albedo separated the
distance of their diameters from each other. The second describes the situation where the
secondary is much further separated (10x) from the primary and the third demonstrates the result
if the inclination is something other than 90 degrees.
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